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ABSTRACT
Concrete is one of the most common construction materials in the world. The primary
material used in the production of concrete is cement. However, the manufacture of
cement is associated with greenhouse gas emissions which cause global warming. Hence,
there is a need to develop other types of concrete that does not contain cement in order to
maintain environmental sustainability. Geopolymer concrete as green concrete without
cement has been investigated as a viable alternative to traditional concrete for reducing
the adverse environmental impact. Fly ash (FA) and ground granulated blast furnace slag
(GGBS) are the most popular industrial by-product materials used in the production of
geopolymer concrete with the presence of sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3) as alkaline activator solutions.
The development of geopolymer concrete requires a suitable mix design that will meet
the required compressive strength and have the desired workability. The Taguchi method
has been used to design the optimum mix proportions for geopolymer concrete with
GGBS as the source of aluminosilicate under ambient curing conditions. The influence
of binder content, alkaline activator to binder content ratio, sodium silicate to sodium
hydroxide ratio, and sodium hydroxide concentration on the geopolymer concrete has
been investigated. It was found that specimens with a binder content of 450 kg/m 3, an
alkaline activator to binder content ratio of 0.35, a sodium silicate to sodium hydroxide
ratio of 2.5, and sodium hydroxide concentration of 14 M produced the highest
compressive strength. However, the setting time was found to be short. Hence, FA was
used as partial replacement of GGBS in different proportions to increase the setting time.
Geopolymer concrete is a new type of concrete and has highly desirable engineering
properties that result in significant economic and environmental benefits. However, its
inherent low tensile and bending strength is a cause for concern when used in the
construction of structures. Hence, its inherent brittleness must be addressed before
geopolymer concrete can be used in the construction of structures. The addition of steel
fibres is a promising solution to enhance the brittleness and sudden failure of geopolymer
concrete. The influence of different types of steel fibres on the engineering properties of
ambient cured geopolymer concrete has been investigated. Four types of steel fibres, i.e.,
straight micro steel fibre, straight macro steel fibre, deformed macro steel fibre and hybrid
steel fibre were added to the geopolymer concrete mixes. It was found that significant
vii

improvements in the mechanical properties of ambient cured geopolymer concrete were
achieved when 2% by volume of all four types of steel fibre were added.
In this study, the behaviour of ambient cured geopolymer concrete columns under
different loading conditions was investigated by testing twenty-four 150 mm diameter
and 600 mm high circular concrete column specimens. The effect of the addition of
different types of steel fibres under different loading conditions (concentric, eccentric
axial load and four-point bending) on the performance of the geopolymer concrete
specimens was investigated. The test results showed that the addition of different types
of steel fibres resulted in significant improvements in the peak axial load and bending
moment of the geopolymer concrete column specimens under different loading
conditions. Moreover, the addition of different types of steel fibres also improved the
ductility of the geopolymer concrete column specimens.
The analytical models to predict the axial load-bending moment (P-M) interaction
diagrams of geopolymer concrete columns with and without steel fibres were developed.
The developed analytical models were validated with the experimental results. It was
found that the analytical models provided reliable estimates of the maximum axial load
and bending moment capacities of geopolymer concrete columns with and without steel
fibres.
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Chapter 1: Introduction
1.1 General background
Climate change due to global warming is one of the greatest environmental problems that
has occurred over the last two decades. Global warming is caused by emissions of
greenhouse gas such as methane, nitrous oxide, and carbon dioxide (CO2) into the
atmosphere. The high demand worldwide for concrete only increases as the population
increases, and thus the development of new infrastructure is paramount. Cement is the
primary material used in the production of concrete. The production of cement contributes
about 5-7% of the total CO2 emission emitted into the atmosphere (McLellan et al. 2011;
Turner and Collins 2013). It is estimated that the production of one tonne of cement
releases about 0.7-0.8 tonnes of CO2 into the atmosphere (Peng et al. 2013; Huntzinger
and Eatmon 2009). It is also estimated that the consumption of cement in the world for
2014 was 3.7 billion metric tonnes (Reed et al. 2014), so if an annual growth of 4% is
considered, the consumption of cement by 2020 will be about 5 billion metric tonnes. As
a result, the use of by-product materials such as fly ash (FA), silica fume (SF), and ground
granulated blast furnace slag (GGBS) have been investigated as viable alternative binders
to cement to increase the use of industrial by-products and to reduce or alleviate the
adverse environmental impacts of cement production.
Research studies into geopolymer concrete, also known alkali-activated concrete as green
concrete without cement started a few decades ago; it has now reached the stage where it
is considered to be a viable alternative to the Ordinary Portland Cement (OPC) concrete
due to its lower environmental impact. Geopolymer concrete could help to reduce CO2
emissions into the atmosphere by about 80% compared to OPC concrete (Davidovits
1994). Geopolymer concrete is a novel material prepared by mixing alkaline activator
solutions such as a mixture of sodium silicate (Na2SiO3) and sodium hydroxide solution
(NaOH) with materials from industrial by-products. The most common industrial byproduct materials which are rich in alumina (Al2O3) and silica (SiO2) such as FA, SF,
GGBS, and a combination of FA and GGBS have been used to produce geopolymer
concrete. The use of industrial by-product materials in the manufacture of geopolymer
concrete not only introduces environmental and economic benefits (Barcelo et al. 2014),
it also resolves issues related to the disposal of large quantities of industrial wastes such
as slag from metal production and fly ash from coal-fired power stations that may
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otherwise be dumped as landfill with adverse effects on the environment. In addition to
the environmental and economical benefits of using industrial by-products in geopolymer
concrete, geopolymer concrete also has similar or superior engineering properties to OPC
concrete (Sofi et al. 2007; Olivia and Nikraz 2012). Several research studies reported that
geopolymer concrete consumes less energy and emits lower amount of carbon dioxide
into the atmosphere (Duxson et al. 2007; Ranjbar et al. 2014; Bakharev 2005). Moreover,
geopolymer concrete has a high early strength (Chindaprasirt et al. 2007), high bond
strength with reinforcing steel bars (Sarker 2011; Castel and Foster 2015), high fire
resistance (Kong and Sanjayan 2010) and high durability against chemical attack
(Fernández et al. 2007; García et al. 2007). Thus, it has an enormous potential for use in
different construction applications as an alternative to OPC concrete (Duxson et al. 2007;
Giannopoulou et al. 2009).
Despite the fact that geopolymer concrete has many desirable engineering properties, the
geopolymer concrete is a brittle construction material, which therefore limits its use in
structural applications including the construction of columns and beams (Ranjbar et al.
2016; Alomayri et al. 2014; Bhutta et al. 2017; Pan et al. 2011). The inclusion of fibres
into geopolymer concrete is an efficient method for increasing the tensile strength,
flexural strength, and toughening mechanism because it controls the propagation of
cracks under different loading conditions or environmental conditions. The behaviour of
geopolymer concrete reinforced with different types of fibre such as polypropylene fibres
(Ranjbar et al. 2016), polyvinyl alcohol fibres (Yunsheng et al. 2008), carbon fibres (He
et al. 2010), cotton fibres (Alomayri et al. 2014) and steel fibres (Bernal et al. 2010;
Sanjayan et al. 2013) have been investigated especially to overcome the brittleness and
sudden failure of geopolymer concrete. The efficiency and performance of these fibres
depends on several factors including the volume content, the length of the fibre, the aspect
ratio, and the tensile strength of the fibre (Aydın 2013). It was found that incorporation
of steel fibres into geopolymer concrete provides higher clamping pressure and friction
than other types of fibres (Shaikh 2013; Ranjbar et al. 2016).
A number of studies have shown that the behaviour of reinforced geopolymer concrete
beams, including the crack patterns and the failure modes was similar to those observed
in the OPC reinforced concrete beams (Sumajouw et al. 2005; Chang 2009; Sarker et al.
2013; Yost et al. 2013; Madheswaran et al. 2014;Visintin et al. 2017). Furthermore, a
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number of studies have investigated the applicability of geopolymer concrete for
reinforced columns (Sumajouw et al. 2007; Sarker 2009; Rahman and Sarker 2011;
Sujatha et al. 2012; Albitar et al. 2017). The test results showed that the crack patterns
and failure modes for geopolymer concrete columns were similar to those reported in the
literature for reinforced OPC concrete columns. More details of literature review have
been discussed in chapters 2-8.
The curing conditions also affect the strength and microstructural development of
geopolymer concrete. Most of the research studies available in the literature used heat
curing to produce geopolymer concrete, but heat curing limits its use in the construction
industry of precast concrete members. Therefore, geopolymer concrete produced under
ambient curing conditions has the potential to widen the applications to cast-in-place
construction as well as in precast construction. The production of geopolymer concrete
under ambient curing conditions also reduces the energy and cost associated with the heat
curing process. The cost savings from ambient cured geopolymer concrete, as well as a
reduction in CO2 emissions and simplification of the manufacturing process for cast-inplace applications are a major driver in the development of ambient cured geopolymer
concrete.
Although numerous studies of geopolymer concrete have been carried out in the available
literature, most of these studies investigated the basic engineering properties of
geopolymer concrete such as material characteristics, enhancing the chemical and
physical properties of the materials, and effects of source material on engineering
properties of geopolymer concrete. An extensive review of the literature revealed that
none of the research studies investigated the addition of different types of steel fibre (i.e.,
straight micro steel fibres, straight macro steel fibres, deformed macro steel fibres, and
hybrid steel fibres) in ambient cured geopolymer concrete. Also, none of the available
studies investigated the direct tensile strength and double punch tensile strength of
ambient cured geopolymer concrete with different types of steel fibres. Furthermore, the
information currently available for the structural behaviour of ambient cured geopolymer
concrete have not been extensively investigated as yet. None of the published studies
investigated the behaviour of ambient cured geopolymer concrete columns with and
without steel fibres under different loading conditions. A complete understanding of the
structural behaviour of reinforced geopolymer concrete members (i.e., columns and
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beams) is important. This is because the chemical reaction and matrix formation of
geopolymer concrete differ from OPC concrete and because of the need to investigate the
suitability of current code provisions and theories for OPC concrete to be used for
geopolymer concrete. The finding of this study is important to ascertain the suitability of
GPC composite in structural applications including the construction of columns and
beams.
1.2 Research objectives
The main purpose of this study is summarised below:
1. To propose an optimum mix proportion for geopolymer concrete by considering most
influencing parameters that result in a high compressive strength and desirable
workability at ambient curing conditions.
2. To investigate the engineering properties of normal strength and high strength fly ash
based geopolymer and alkali-activated slag concrete with the engineering properties of
normal strength and high strength OPC concrete.
3. To investigate the influence of different types of steel fibres on the engineering
properties of ambient cured geopolymer concrete.
4. To investigate the effect of aspect ratio (same diameter with different lengths) and
volume fraction of steel fibres on the engineering properties of ambient cured geopolymer
concrete.
5. To evaluate the effect of corrosion on the bond between steel bars and steel fibre
reinforced geopolymer concrete.
6. To investigate the behaviour of ambient cured circular geopolymer concrete columns
reinforced with different types of steel fibres under different loading conditions.
7. To investigate the behaviour of ambient cured geopolymer concrete column specimens
compared to OPC concrete column specimens under different loading conditions. This
study also investigates the effect of aspect ratio of the steel fibres on the behaviour of
ambient cured geopolymer concrete specimens under different loading conditions.
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8. To present analytical models for predicting the axial load and moment capacities of
geopolymer concrete columns with and without steel fibres under different loading
conditions.
1.3 Scope of the thesis
This research study was undertaken in three main parts, the first part included the mix
design and engineering properties of plain geopolymer concrete, the second part included
the engineering properties and durability of steel fibre reinforced geopolymer concrete,
and the last part included the structural applications of steel fibre reinforced geopolymer
concrete.
Initially, a series of experiments were carried out on geopolymer concrete using the
Taguchi method to propose an optimum mix proportion that would result in a high
compressive strength and desirable workability under ambient curing conditions. The
influence of the binder content, alkaline activator to binder content ratio, sodium silicate
to sodium hydroxide ratio, and sodium hydroxide concentration on the geopolymer
concrete were investigated. The optimum mix proportion of geopolymer concrete with
the required compressive strength obtained in this study was then used to investigate the
performance of the geopolymer concrete specimens.
A complete understanding of the engineering properties of fly ash based geopolymer and
alkali-activated slag concrete is important for the design and field implementation of ecofriendly concrete structures. A comparison of engineering properties of normal strength
and high strength fly ash based geopolymer and alkali-activated slag concrete with the
engineering properties of normal strength and high strength OPC concrete was carried
out. Microstructural investigations using scanning electronic microscopy (SEM) were
also carried out.
The next stage was an investigation into how different types of steel fibres would affect
the engineering properties of ambient cured geopolymer concrete. The optimum mix
proportions of geopolymer concrete with the required compressive strength and desirable
workability at ambient curing condition was used in this study. The engineering
properties investigated were workability, compressive strength, splitting tensile strength,
flexural strength, direct tensile strength, and stress-strain response under axial
5

compression. Four types of steel fibres, i.e., straight micro steel fibre, straight macro steel
fibre, deformed macro steel fibre and hybrid steel fibre were added to the geopolymer
concrete mixes. There were significant improvements in the mechanical properties of
geopolymer concrete after 2% by volume of all four types of steel fibres were added.
Hence, 2% by volume of steel fibre was added in the geopolymer concrete column
specimens to investigate the behaviour of ambient cured steel fibre reinforced
geopolymer concrete column specimens under different loading conditions.
An experimental study was also carried out to evaluate the effect of corrosion on the bond
behaviour of reinforcing steel bars embedded in steel fibre reinforced geopolymer
concrete. An accelerated corrosion method was used to corrode the reinforcing steel bars
embedded in the geopolymer concrete.
The results obtained from the mechanical properties of steel fibre reinforced geopolymer
concrete indicated there were significant improvements in the mechanical properties of
geopolymer concrete after 2% by volume of all four types of steel fibre were added.
Hence, 2% by volume of steel fibre was added to the steel fibre reinforced geopolymer
concrete column specimens. The influences of the addition of different types of steel fibre
and the loading conditions (concentric axial load, eccentric axial load and four-point
bending) on the performance of the geopolymer concrete column specimens were
investigated. The analytical axial load and bending moment capacities were then
compared with the experimental axial load and bending moment capacities to verify the
developed analytical models. These analytical results were then used to construct
interaction diagrams of geopolymer concrete columns with and without steel fibres. The
outline of this thesis is shown in Figure 1.1.
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1.4 Layout of the thesis
This thesis consists of ten Chapters; each of which is discussed briefly here:
Chapter One presents general background information of geopolymer concrete, as well
as the aim and objectives of this study, the scope of the research study and a brief outline
of the thesis.
Chapter Two investigates the optimum mix proportion for geopolymer concrete by
considering most influencing parameters resulting in high compressive strength and
desirable workability under ambient curing conditions using the Taguchi method. Details
of the materials used in the laboratory and the experimental work used to produce
geopolymer concrete are presented; this includes a description of specimen preparation
and the equipment used to test the specimens. The objective of this study is achieved
through extensive experimental investigations.
Chapter Three investigates the engineering properties of normal strength and high
strength fly ash based geopolymer and alkali-activated slag concrete with the engineering
properties of normal strength and high strength OPC concrete. Microstructural
investigations using scanning electronic microscopy (SEM) are also carried out. The
equations for the existing standards of OPC concrete were used to calculate the indirect
tensile strength, flexural strength, and the modulus of elasticity of fly ash based
geopolymer and alkali-activated slag concrete and compared with the experimental
results.
Chapter Four investigates the engineering properties of ambient cured geopolymer
concrete with straight micro steel fibres, deformed macro steel fibres, and hybrid steel
fibres. The engineering properties investigated include workability, compressive strength,
splitting tensile strength, flexural strength, direct tensile strength, and stress-strain
response under axial compression. Details of specimen preparation and the testing
equipment of specimens are described. The objective of this study is achieved through
extensive experimental studies.
Chapter Five investigates the effect of aspect ratio (same diameter with different lengths)
and volume fraction of steel fibres on the engineering properties of ambient cured
geopolymer concrete. The engineering properties investigated include workability,
8

compressive strength, indirect tensile strength, direct tensile strength, double punch
tensile strength, flexural strength, stress-strain behaviour and modulus of elasticity. To
achieve this goal, straight macro steel fibres with an aspect ratio of 65 and straight micro
steel fibres with an aspect ratio of 30 were used. Details of specimen preparation and the
equipment used to test the specimens are described. The objective of this study is achieved
through extensive experimental studies.
Chapter Six investigates the effect of corrosion on the bond between reinforcing steel
bars and fibre reinforced geopolymer concrete. An accelerated corrosion method was
used to corrode the reinforcing steel bars embedded in geopolymer concrete. Three types
of steel fibres including straight micro steel fibre, deformed macro steel fibre, and hybrid
steel fibre were used in this study. The objective of this study is achieved through
extensive experimental investigations.
Chapter Seven investigates the influences of the addition of different types of steel fibres
and the loading conditions (concentric axial load, eccentric axial load and four-point
bending) on the performance of the geopolymer concrete column specimens. Sixteen
circular concrete column specimens of 150 mm in diameter and 600 mm high were tested.
Three types of steel fibres (straight micro steel fibre, deformed macro steel fibre and
hybrid steel fibre) were used in reinforcing the geopolymer concrete column specimens.
The optimum ratio of different type of steel fibres used in this Chapter is based on the
investigation carried out in Chapter four. Moreover, geopolymer concrete column
specimens without steel fibre were tested as reference column specimens. The objective
of this study is achieved through extensive experimental investigations.
Chapter Eight investigates the behaviour of ambient cured geopolymer concrete column
specimens compared to OPC concrete column specimens under concentric axial load,
eccentric axial load and four-point bending. This study also investigates the effect of the
addition of steel fibres on the behaviour of ambient cured geopolymer concrete column
specimens under different loading conditions. The effect of aspect ratio of the steel fibres
(same diameter with different lengths) on the behaviour of ambient cured geopolymer
concrete column specimens under different loading conditions was also investigated.
Sixteen circular concrete column specimens of 150 mm diameter and 600 mm height were
tested. The optimum ratio of steel fibres used in this Chapter is based on the investigation
9

carried out in Chapter five. The objective of this study is achieved through extensive
experimental investigations.
Chapter Nine presents analytical models for predicting the axial load and moment
capacities of geopolymer concrete columns with and without steel fibres under different
loading conditions. The nominal axial load and bending moment capacities were analysed
by using the stress-strain behaviour of geopolymer concrete. The analytical results were
used to construct interaction diagrams of geopolymer concrete columns with and without
steel fibres. The developed analytical models were then validated with the experimental
results presented in Chapter seven and Chapter eight.
Chapter Ten summarises the research achievements presented in this study. This Chapter
also presents recommendations for future research studies.
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Preamble
Ground granulated blast furnace slag (GGBFS) and fly ash (FA) are the most popular
industrial by-product materials used to produce geopolymer concrete with the presence
of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) as alkaline activator
solutions. To date, several research studies on geopolymer concrete have mainly
examined the effects of the chemical, physical and mineralogical properties of precursor
GGBFS and FA on the compressive strength of geopolymer concrete. However, only
limited research studies have focused on developing a mix design procedure for
geopolymer concrete in order to achieve a desired compressive strength. This chapter
therefore presents the optimum mix proportions for geopolymer concrete with GGBFS as
the source of aluminosilicate under ambient curing conditions using the Taguchi method.
This method will prove to be very valuable when designing geopolymer concrete mixes
to achieve the required compressive strength and desirable workability needed for
construction requirement.
The influence of the four main parameters including binder content, alkaline activator to
binder content (Al/Bi) ratio, sodium silicate to sodium hydroxide (SS/SH) ratio, and
sodium hydroxide (SH) concentration, at three levels each, on the compressive strength
of geopolymer concrete were investigated to identify the optimum mix proportions. A
total of nine mix designs were evaluated. The results were evaluated by the analysis of
variance (ANOVA) method to determine the optimum level of each parameter. The
details of materials, experimental methods and test results are discussed in this chapter.
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2.1 Abstract
In this paper, the Taguchi method has been used to design optimum mix proportions for
geopolymer concrete with ground granulated blast furnace slag (GGBFS) as
aluminosilicate source at ambient curing condition. The influences of binder content,
alkaline activator to binder content (Al/Bi) ratio, sodium silicate to sodium hydroxide
(SS/SH) ratio, and sodium hydroxide (SH) concentration on the geopolymer concrete
were investigated. A total of nine mix designs were evaluated. It was found that
specimens with a binder content of 450 kg/m3, Al/Bi ratio of 0.35, SS/SH ratio of 2.5,
and SH concentration of 14 M produced the highest 7-day compressive strength (60.4
MPa). However, the setting time was found to be short. Hence, fly ash (FA), metakaolin
(MK), and silica fume (SF) were used as partial replacement of GGBFS in different
proportions to increase the setting time. It was found that the setting time improved for
the partial replacement of GGBFS with FA, MK, and SF.
2.2 Introduction
Climate change due to global warming is a critical environmental issue having
considerable negative impacts on all living organisms in this world. Global warming is
caused by greenhouse gas emissions including the emission of methane, nitrous oxide,
and carbon dioxide into the atmosphere. It was reported that globally the production of
cement contributed to about 5- 7% of total carbon dioxide (CO2) emission into the
atmosphere (McLellan et al. 2011).
In 2013, the production of cement in Australia contributed to the emission of 36 billion
tonnes of CO2 (Canadell and Raupach 2014). It is estimated that the production of one
tonne of Ordinary Portland Cement (OPC) releases about one tonne of CO2 into the
atmosphere (Rangan 2008; Wallah 2010). The consumption of cement in the world for
2014 was 3.7 billion metric tonnes (Reed et al. 2014). Considering an annual growth of
4%, the consumption of cement by 2020 will be 4.7 billion metric tonnes. Hence, the
development of green concrete without OPC has become important. Research
investigations on geopolymer concrete (Temuujin et al. 2009; Junaid et al. 2015) and
alkali activated concrete (Bernal et al. 2012; Yang et al. 2009; Collins and Sanjayan 2001;
Wardhono et al. 2015) as an alternative for OPC concrete started a few decades ago and
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have recently gained popularity as construction materials. This paper deals only with
geopolymer concrete.
Geopolymer concrete does not contain any OPC and hence it is considered as green
concrete. Geopolymer concrete is proven to have good mechanical properties with
reduced greenhouse gas emissions (Reed et al. 2014). It not only reduces the carbon
footprint compared to OPC but also uses a large amount of industrial waste material such
as slag, fly ash, and silica fume (Reed et al. 2014).
There are two main components in geopolymer concrete: an alkaline activator and the
source of aluminosilicate materials. The most common alkaline activator is a combination
of sodium silicate and sodium hydroxide. However, potassium silicate and potassium
hydroxide can also be used. The alkaline activator plays an important role in the
polymerization process (Palomo et al. 1999). The source materials of the binder used in
geopolymer concrete depend on the source of the aluminosilicate. These aluminosilicate
materials must be rich in aluminate (Al) and silicate (Si). These aluminosilicate materials
can be a by-product material such as slag (Kumar et al. 2010), fly ash (Chindaprasirt et
al. 2007; Somna et al. 2011; Hardjito et al. 2004), and silica fume (Qing et al. 2007). In
addition, the aluminosilicate can be obtained from natural sources including clay and
metakaolin (Muñiz-Villarreal et al. 2011). The choice of source material for the
production of geopolymer concrete depends on several factors including cost, availability,
and application (Lloyd and Rangan 2010).
Most of the previous studies use heat to cure geopolymer concrete; as such its use is
limited to precast concrete members. Geopolymer concrete in ambient curing condition
will have wider applications in situ construction as well as in precast construction.
Ambient curing conditions will reduce the energy and cost associated with the heat curing
process.
The setting time, workability, and compressive strength of geopolymer concrete and paste
were investigated in the available literature. Rao and Rao (2015) investigated the final
setting time and compressive strength of geopolymer mortar. The main aluminosilicate
source material (Class F) fly ash was partially replaced with a ground-granulated blast
furnace slag, and the alkaline activator was a mixture of sodium silicate with sodium
hydroxide solution. It was found that the final setting time was significantly reduced when
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the fly ash was replaced by GGBFS. In another study, Lee and Lee (2013) investigated
the setting time and mechanical properties of alkali-activated fly ash/slag concrete
manufactured at room temperature. The test results showed that the setting times of the
alkali-activated fly ash/slag paste decreased as the amount of slag and the concentration
of the SH solution increased. Nath and Sarker (2014) investigated the workability and
compressive strength of fly ash-based geopolymer concrete. It was found that workability
was significantly reduced and compressive strength of fly ash-based geopolymer concrete
was increased when GGBFS was used as a small proportion of the binder.
A large number of studies were conducted on geopolymer concrete, but there is still no
consensus on the influence of different parameters on the properties (e.g., compressive
strength and workability) of geopolymer concrete. The main parameters which influence
the properties of geopolymer concrete include aluminosilicate source, curing conditions,
type of alkaline activator, combination and concentration of the activator, and the alkaline
activator to binder ratio (Nazari et al. 2012). It might be difficult to investigate the
influence of all the parameters in a single investigation. However, through a welldesigned experimental program, the parameters which influence the proportion of
geopolymer concrete can be adequately investigated (Nazari et al. 2012). The well-known
Taguchi method (Taguchi et al. 2005) can be used for this purpose.
The Taguchi method is a fractional factorial design method which uses a special set of
arrays called orthogonal arrays (OA) for the design of experiments to investigate a large
number of variables with a small number of experiments. The design of experiments using
OA is quite efficient compared to traditional experiment design methods (Türkmen et al.
2008). The OA reduce the number of experiments and minimize uncontrollable
parameters (Türkmen et al. 2008). For instance, when using four parameters at three
proportions, the traditional factorial design needs 34 or 81 test runs, while the Taguchi
method requires only 9 test runs. The Taguchi method uses a signal-to-noise (S/N) ratio
for optimization. The S/N ratio helps in data analysis and prediction of optimum result.
In effect, OA provides a set of well-balanced experiments and S/N ratio serves as
objective function for optimization. The main advantages of the Taguchi methods are the
efficiency, cost effectiveness, robustness, and ease of interpretation of the output.
The Taguchi method has been widely used in other engineering applications, but the
application of the Taguchi method to geopolymer concrete is very limited (Riahi et al.
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2012; Olivia and Nikraz 2012, Khalaj et al. 2014). Riahi et al. (2012) investigated the 2and 7-day compressive strength of fly ash-based geopolymer concrete designed using the
Taguchi method. They investigated the effects of SH concentration and curing condition
on the compressive strength using the Taguchi method. Olivia and Nikraz (2012)
designed nine geopolymer concrete mixes by considering the effects of aggregate content,
sodium silicate to sodium hydroxide ratio, alkaline activator to fly ash ratio, and curing
method. It was reported that the Taguchi method could be used to optimize the
components of the geopolymer concrete mix. Khalaj et al. (2014) found that split tensile
strength of Portland cement-based geopolymers could be suitably designed using the
Taguchi method.
The aim of this study is to propose an optimum mix proportion for geopolymer concrete
by considering most influencing parameters resulting in high compressive strength and
desirable workability at ambient curing condition by using the Taguchi method. The aim
of the paper is achieved through extensive experimental investigations.
2.3 Experimental details
2.3.1 Materials
The materials used for geopolymer concrete in this study were ground granulated blast
furnace slag (GGBFS), silica fume (SF), fly ash (FA), and metakaolin (MK). The GGBFS
and SF were supplied by the Australian (Iron & Steel) Slag Association (ASA 2016). The
FA classified as class F according to ASTM C618-08 (ASTM 2012), which was supplied
by Eraring Power Station Australia (Eraring Australia 2016). The MK was supplied by
Calix Australia (Calix Australia 2016). The chemical compositions of GGBFS, FA, and
MK have been shown in Table 2.1. Coarse aggregate with a maximum aggregate size of
10 mm and the river sand as the fine aggregate were used in this study. Sodium silicate
solution blended with sodium hydroxide was used as an alkaline activator. Caustic soda
(NaOH) was dissolved in potable water to produce sodium hydroxide solution with
different concentrations. Sodium silicate solution (Na2SiO3) (Grade D) was supplied by
PQ Australia (PQ Australia 2016). The dry density of the sodium silicate solution was
1.53 g/cm3. The sodium silicate solution (Na2SiO3) includes 14.7% sodium oxide, 29.4%
silicate and 44.1% solids. High range water reducers (commercially available Glenium
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8700) supplied by BASF Australia (BASF Australia 2016) were used to improve the
workability of the geopolymer concrete.
Table 2.1 Chemical compositions (mass %) for GGFBS (ASA 2016), FA (Eraring
Australia 2016), SF (ASA 2016), and MK (Calix Australia 2016)
Component

GGFBS

FA

SF

MK

SiO2

32.40

62.2

85.76

52.21

Al2O3

14.96

27.5

1.89

44.08

Fe2O3

0.83

3.92

0.56

-

CaO

40.70

2.27

0.92

1.69

MgO

5.99

1.05

0.81

-

K2O

0.29

1.24

0.86

-

Na2O

0.42

0.52

0.74

-

TiO2

0.84

0.16

-

0.18

P2O5

0.38

0.30

-

-

Mn2O3

0.40

0.09

-

-

SO3

2.74

-

0.3

-

LOI

NA

-

4.0

-

LOI: Loss on ignition
2.3.2

Optimum mix design of geopolymer concrete

In this study, the Taguchi method (Taguchi et al. 2005) was used to explore the optimal
mix design of geopolymer concrete in order to maximize the compressive strength at
ambient curing condition. The Taguchi experimental design was performed by Qualitek4 (Ranjit 1996). The main aim was to determine the optimal mix design to produce high
strength geopolymer concrete considering the parameters that influence the compressive
strength. Four main parameters, including binder contents (400, 450, and 500 kg/m3),
Al/Bi ratio (0.35, 0.45, and 0.55), SS/SH (1.5, 2, and 2.5), and SH concentration (10, 12,
and 14 M) were considered in the mix design (Table 2.2).
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Table 2.2 Parameters and proportions used in the Taguchi experiment design
Parameters

Proportion 1

Proportion 2

Proportion 3

Binder content

400

450

500

(kg/m3)
Al/Binder

0.35

0.45

0.55

SS/SH

1.5

2.0

2.5

SH (M)

10

12

14

A total of 9 trial mixes were prepared depending on L9 array obtained using the Taguchi
method (Taguchi et al. 2005). The component parameters are given for each trial mix
(TM1-TM9) in Tables 2.3 and 2.4. The ratio of H2O/Na2O was kept constant at 12.5 in
order to obtain geopolymer concrete with good workability (Palomo et al. 1999). The
compressive strengths obtained from the trial mixes of geopolymer concrete were used in
calculating the response index for each trial mix based on the signal-to-noise (S/N) ratio
(Ross 1996). The response index for each parameter was determined by taking the
average of the 7-day compressive strengths for the trial mixes which included the
considered parameter. For example, parameter Al/Bi ratio of 0.35 was tested in three trials
mixes: TM1, TM4, and TM7 (Table 2.3).
Table 2.3 Parameters and values used in geopolymer concrete trial mixes
Binder content (kg/m3)

Al/Binder

SS/SH

SH (M)

TM1

400

0.35

1.5

10

TM2

400

0.45

2

12

TM3

400

0.55

2.5

14

TM4

450

0.35

2

14

TM5

450

0.45

2.5

10

TM6

450

0.55

1.5

12

TM7

500

0.35

2.5

12

TM8

500

0.45

1.5

14

TM9

500

0.55

2

10

Experiment series
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Table 2.4 Mix proportions of trial mixes
Mix

TM1

TM2

TM3

TM4

TM5

TM6

TM7

TM8

TM9

GGBS (kg/m3)

400

400

400

450

450

450

500

500

500

Al/Bi

0.35

0.45

0.55

0.35

0.45

0.55

0.35

0.45

0.55

SS/SH

1.5

2

2.5

2

2.5

1.5

2.5

1.5

2

SS (kg/m3)

84

120

157

105

145

149

125

135

183

SH (kg/m3)

56

60

63

53

58

99

50

90

92

SH (M)

10

12

14

14

10

12

12

14

10

Superplasticizer

20

20

20

22.5

22.5

22.5

25

25

25

3
(kg/m3(kg/m
)
Water
)

48

48

48

54

54

54

60

60

60

1208

1182

1156

1161

1132

1102

1115

1082

1050

3
3
(kg/m(kg/m
)
Sand
)

650

636

622

625

609

594

600

583

565

H2O/Na2O

12.5

12.5

12.5

12.5

12.5

12.5

12.5

12.5

12.5

Aggregate

The compressive strength of trial mixes TM1, TM4, and TM7 was 40.89, 56.05, and
52.23, respectively (Table 2.5). The response index for trial mixes TM1, TM4, and TM7
was equal to ((40.89+56.05+52.23) /3 = 49.72), which was greater than the response index
for Al/Bi ratio of 0.45 and 0.55. Hence, the optimum Al/Bi ratio was 0.35. Finally, the
results were evaluated by analyses of variable (ANOVA) to determine the optimum
proportion, based on S/N ratio, of each parameter.
2.3.3

Specimens preparation and testing

Geopolymer concrete specimens were prepared by mixing the dry material (slag, coarse
aggregate, and sand) in a pan mixer. Afterwards, alkaline activators (SS/SH) were added
to the dry mix. Finally, water and superplasticizer were added. The procedure of the
mixing geopolymer concrete implemented in this study was similar to that adopted in
Rangan (2008). It should be noted that the mixing procedure may affect the compressive
strength and workability of the geopolymer concrete. The dry materials were mixed for
about 1 minute and then half of the amount of alkaline activator was added into the pan
mixer and mixed for about 2 minutes. The remaining amount of alkaline activator with
water and superplasticizer were poured into the pan mixer and mixed for approximately
2 minutes until the mixture became well combined and homogeneous.
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In this study, polyvinyl chloride (PVC) moulds of 200 mm length and 100 mm diameter
(200 × 100 mm) were used for casting concrete to measure the compressive strength. The
specimens were cast in three layers of geopolymer concrete and each layer was vibrated
for 10 seconds. The specimens were left in the laboratory at an ambient condition for 24
hours. The specimens were then removed from the moulds and left in an ambient
condition. The compressive strength was measured according to AS 1012.9-1999 (AS
1999) using W&T 1800 testing machine. The tests were carried out on three specimens
for each mix on the 7th and the 28th day and average strengths are reported in Table 2.5.
Table 2.5 Compressive strength of trial mixes of geopolymer concrete under ambient
curing condition
Trial mix

Compressive strength (MPa)
7 days

28 days

TM1

40.89

46.75

TM2

38.47

38.98

TM3

36.94

42.55

TM4

56.05

61.15

TM5

41.40

42.24

TM6

35.03

37.32

TM7

52.23

59.50

TM8

40.13

42.93

TM9

32.61

34.40

The setting time of the geopolymer concrete was evaluated by partially replacing GGBFS
with different proportions of FA, MK, and SF. The initial and final setting times reported
in this study are the initial and final setting times of geopolymer paste without the coarse
and fine aggregate. The initial setting time was measured from the start of the mixing to
the time when the needle penetrates to a point 5 mm from the bottom of the base plate
mould. The final setting time was measured from the start of the mixing to the time when
the needle only makes an impression on the past surface. The setting time of the
geopolymer concrete was obtained by penetration resistance measurements according to
ASTM C191-08 (ASTM 1995). Setting time tests were conducted under an ambient
temperature of 25 ± 2 °C. The workability of fresh geopolymer concrete was measured
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by slump tests according to AS 1012.3.1-1998 (AS 1998). The slump tests were
conducted immediately after mixing at ambient conditions.
2.4 Results and discussion
2.4.1 Optimum components for geopolymer concrete with GGBFS
Compressive strength was used as the evaluation criterion for the 9 trial mixes (TM1TM9) according to the Taguchi method, as shown in Figure 2.1. The highest compressive
strength was obtained by TM4 specimens with a binder content of 450 kg/m3, Al/Bi ratio
0.35, SS/SH ratio of 2, and SH concentration of 14 M. The lowest compressive strength
was obtained by TM9 specimens with a binder content of 500 kg/m3, Al/Bi ratio 0.55,
SS/SH ratio of 2, and SH concentration of 10 M. It is noted that SS/SH ratio for both
mixes was 2.
70
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Compressive strength (MPa)

60
50
40
30
20
10
0
TM1

TM2

TM3

TM4

TM5

TM6

TM7

TM8

TM9

Mix series
Figure 2.1 The 7- and 28-day compressive strength of the geopolymer concrete
specimens
The main differences between TM4 and TM9 is the binder content, Al/Bi ratio, and SH
concentration. The effect of SH concentration on the compressive strength of the
geopolymer concrete has not been completely agreed on by the researchers. Some of the
studies showed that the high concentration of SH led to an increased compressive strength
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(Wongpa et al. 2010), but some other studies showed increase in the SH concentration
led to lower compressive strength (Nazari et al. 2011). It can be seen in Figure 2.2 that
the compressive strength of the geopolymer concrete increased with increases in the SH
concentration.
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Figure 2.2 Factorial diagrams of the main parameters that affect the 7-day compressive
strength of geopolymer mix under ambient curing condition
It appears that there is a strong relationship between the aluminosilicate sources and SH
concentration. The increase in the SH concentration dissolves the initial solid more and
consequently increases geopolymerization reaction, which helps in achieving higher
compressive strength (Temuujin et al. 2009). It is considered that for geopolymer with
GGBFS as the aluminosilicate source, SH concentration of 14 M might have the best
effect on increasing the strength.
26

The compressive strength of the geopolymer concrete is also significantly influenced by
Al/Bi ratio. In this study, specimens TM1, TM4, and TM7 achieved 7-day compressive
strengths of 40.89, 56.05, and 52.23 MPa, respectively. These high compressive strengths
showed that one of the main parameters affecting the geopolymer specimens is Al/Bi
ratio. The increase in the Al/Bi ratio resulted in a decrease in compressive strength. The
reason for this decrease in compressive strength can be attributed to the higher Al/Bi ratio
of the mixture. Excess alkaline activator caused an increase in the amount of water in the
mixture which hindered geopolymerization (Ruiz-Santaquiteria et al. 2012).
In particular, an increase in the Al/Bi ratio from 0.35 (TM4) to 0.55 (TM3) with the same
SH concentration (14 M) resulted in a significant reduction in the 7-day compressive
strength from 56.05 MPa (TM4) to 36.94 MPa (TM3) (Table 2.5). Based on the results
obtained in this study, it can be concluded that the influence of Al/Bi ratio on the
compressive strength gain was significant. This is clearly demonstrated by the fact that
for the same Al/Bi ratio, the compressive strength varied, depending primarily on the
alkaline activator concentration as well as on the blend of binder. One of the other
parameters affecting the strength of geopolymer is binder content. Based on the test
results obtained, it can be observed from Figure 2.2 that with the increase in the binder
content from 400 kg/m3 to 450 kg/m3, the compressive strength of the geopolymer
concrete increased. However, the compressive strength decreased with the increase in the
binder content beyond 450 kg/m3.
Based on the above discussion, it is difficult to ascertain the optimum proportions for
each considered parameter. Factorial analysis was conducted using Qualitek-4 to
investigate the effects of each parameter on the compressive strength of the geopolymer
concrete. Factorial diagrams and the significance of the main parameters that affect the
compressive strength have been shown in Figures 2.2 and 2.3, respectively. The
percentage of participation of each parameter and the optimum level of the considered
parameters on the compressive strength is shown in Table 2.6.
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Figure 2.3 The significant of the main parameters that affect the 7-day compressive
strength of mixes
Table 2.6 Percentage of participation and optimum levels of the considered
parameters on the 7-day compressive strength
Parameter

GGBFS

Al/Bi

SS/SH

SH

Percentage of participation

Content
10.09

71.23

7.01

11.66

450 (kg/m3)

0.35

2.5

14 (M)

(%)
Optimum level

Figure 2.3 and Table 2.6 show that the Al/Bi ratio is the most significant parameter that
influences the geopolymer concrete with a percentage of participation of 71.23% and
Al/Bi of 0.35 as the optimum level. This indicates that the lower ratio of Al/Bi could
produce higher compressive strength of geopolymer concrete (Figure 2.2). It can also be
observed that the second influential parameter is the SH concentration with a percentage
of participation of 11.66%. Table 2.6 shows that the SH concentration of 14 M is the
optimum level. This indicates that a high concentration of SH produces high compressive
strength of geopolymer concrete (Figure 2.2). The third influential parameter is the binder
content with a percentage of participation of 10.09%. Table 2.6 shows that the binder
content of 450 kg/m3 is the optimum level, which indicates that binder content of 450
kg/m3 produces high compressive strength of geopolymer concrete (Figure 2.2). The
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SS/SH ratio has the lowest percentage of participation of 7.10%. Table 2.6 illustrates that
SS/SH ratio of 2.5 is the optimum level. This indicates that a high ratio of SS/SH could
produces high compressive strength of geopolymer concrete (Figure 2.2).
Finally, TM10 mix was prepared and tested according to the optimum levels presented in
Table 2.6, i.e., a binder content of 450 kg/m3, Al/Bi ratio of 0.35, SS/SH of 2.5, and SH
concentration of 14 M. The average of compressive strength of the TM10 was 60.4 MPa
on the 7th day, which was greater than the compressive strengths obtained from the nine
previous trial mixes (TM1-TM9). However, the setting time was found to be short. The
initial and final setting times of the TM10 specimens were 25 minutes and 55 minutes,
respectively. Such fast setting time behaviour may not be convenient for geopolymer
concrete in conventional construction. Hence, FA, MK, and SF were used as partial
replacements of GGBFS in different proportions to increase the setting time.
2.4.2

Effect of FA, MK, and SF on the setting time and workability of geopolymer

concrete with GGBFS
Figure 2.4 shows the setting time of the specimens by partially replacing GGBFS in TM10
with different proportion of FA, MK, and SF. Replacement of GGBFS with FA, MK, and
SF ranged from 10% to 60%. The initial setting time of the different mixes considered
in this investigation varied from 25 to 75 minutes and the final setting time varied from
55 to 105 minutes. It was found that increase in the partial replacement of GGBFS with
FA, MK, and SF resulted in increased initial and final setting times. When 60% of
GGBFS were replaced with FA, the initial setting time increased from 25 minutes to 75
minutes and the final setting time increased from 55 minutes to 105 minutes. It was also
observed that by replacing 60% of GGBFS with MK, the initial setting time increased
from 25 minutes to 55 minutes and the final setting time increased from 55 minutes to 90
minutes. Finally, replacing 60% of GGBFS with SF, the initial setting time increased
from 25 minutes to 70 minutes and the final setting time increased from 55 minutes to
100 minutes.
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Figure 2.4 The effect of partial replacement of GGBFS with FA, MK, and SF on the
setting time
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From the test data, it can be seen that the GGBFS quickly reacts with alkaline activator
compared to FA, MK, and SF. Thus, the setting time of geopolymer paste with GGBFS
is shorter than the setting time with other pozzolanic materials. The reason for the short
setting time can be attributed to the higher calcium content present in GGBFS (Table 2.1).
The presence of high calcium content in GGBFS results in an increase in the reactivity of
the geopolymer by forming an amorphously structured Ca-Al-Si gel. From the test data,
it can be observed that the setting time has significantly increased when the GGBFS is
partially replaced by FA, MK, and SF.
Figure 2.5 shows the effect of partial replacement of GGBFS with different proportion of
FA, MK, and SF on workability. The results were compared with the control geopolymer
mixture TM10. It can be observed from Figure 2.5 that the slump of geopolymer concrete
was influenced by the inclusion of FA, MK, and SF in the binder. The control geopolymer
mixture TM10, which contains 100% GGBFS, showed the lowest slump. The slump
increased with the increase of FA, MK, and SF in the mixture. The effect was more
significant at a higher ratio of FA, MK, and SF content. The trend was almost similar for
all replacement ratios but more significant with 60% FA and SF. The reason for the
increased slump of the mixtures is most likely due to the increased mobility of spherical
shaped FA and SF in contrast to irregular shaped slag particles. Thus, it can be concluded
that to have a required value of setting time and workability a convenient combination of
GGBFS and FA can be a promising option of geopolymer concrete.
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Figure 2.5 The effect of partial replacement of GGBFS with FA, MK, and SF on the
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2.4.3

Effect of FA, MK, and SF on the compressive strength of geopolymer

concrete with GGBFS
The compressive strength of geopolymer concrete with different proportions of FA, MK,
and SF as partial replacement of GGBFS is shown in Table 2.7 and Figure 2.6. It was
found that the compressive strength of geopolymer concrete decreased for partial
replacement of GGBFS with FA, MK, and SF under ambient curing conditions. The
geopolymer concrete with GGBFS has been shown to achieve a compressive strength of
60.4 MPa on the 7th day. For a replacement of 60% GGBFS with FA, 41% decrease in
the compressive strength of the geopolymer concrete was observed. In addition, by
replacing 60% GGBFS with MK and SF, the decreases in compressive strength of
geopolymer concrete were 58% and 52%, respectively. The reason for the decrease in
compressive strength can be attributed to the decrease in the intensity of the calcium
content when the amount of GGBFS was decreased in the mix. The decrease in calcium
content in the mix results in a delay in the polymerization reaction and the formation of
an amorphously structured Ca-Al-Si gel was hindered. Hence, slag based geopolymer
modified with FA can be considered as a suitable binder for geopolymer concrete under
ambient curing conditions for reasonably high compressive strength and adequate setting
time.
Table 2.7 Changes in the compressive strength of geopolymer concrete for the partial
replacement of GGBFS with FA, MK, and SF
Replacing
percentage (%)

7-day compressive strength (MPa)
FA

MK

SF

0

60.38

60.38

60.38

10

58.55

40.03

42.16

20

56.34

34.21

36.10

30

49.20

28.14

32.12

40

42.68

26.75

30.41

50

40.82

25.78

29.55

60

35.41

25.36

28.98
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Figure 2.6 The effect of partial replacement of GGBFS with FA, MK, and SF on the 7day compressive strength
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2.5 Conclusions
Based on the experimental program presented in this study, following conclusions can be
drawn:
1. The geopolymer concrete with a binder content of 450 kg/m3, Al/Bi ratio of 0.35,
SS/SH ratio of 2.5, and SH concentration of 14 M achieved the highest 7-day compressive
strength (60.4 MPa) at ambient curing conditions.
2. The inclusion of FA, MK, and SF as partial replacement of GGBFS reduces the
compressive strength of geopolymer concrete.
3. Replacement of the GGBFS with FA, MK, and SF increases the initial and final setting
time of the geopolymer paste and increases the slump of the fresh concrete as well.
4. To increase the setting time of geopolymer concrete under ambient curing conditions,
a combination of GGBFS with FA can be a possible solution, as the blend of GGBFS
with FA achieved longer setting time compared with the blend of GGBFS with MK and
SF.
5. The inclusion of FA in the GGBFS-based geopolymer mixture is found to be a suitable
binder of geopolymer concrete for in situ construction, in addition to the precast
construction, under ambient curing conditions, thus eliminating the necessity for heat
curing.
Finally, the information presented in this study will be beneficial in the design of
geopolymer concrete at ambient curing conditions in order to enhance the durability of
geopolymer concrete and, in particular, to enhance its mechanical properties. In addition,
the data presented in this paper will also be valuable in the selection and application of
appropriate testing methods for the geopolymer concrete under ambient curing condition.
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Preamble
Over the previous few decades the use of fly ash-based geopolymer (FAGP) and alkaliactivated slag (AAS) concrete as new cementitious materials has undergone substantial
development because of many desirable engineering properties and environmental and
economic benefits. A complete understanding of the engineering properties of FAGP and
AAS concrete is important for the design and field implementation of sustainable concrete
structures. In this chapter, the comparison of the engineering properties of normal strength
and high strength FAGP and AAS concrete compared with the engineering properties of
normal strength and high strength OPC concrete was carried out. Microstructural
observations using scanning electronic microscopy (SEM) was also carried out. The
equations used for the existing standards for OPC concrete were also used to calculate the
indirect tensile strength, the flexural strength and the modulus of elasticity of FAGP and
AAS concrete were compared with the experimental results. The details of specimen
preparation, including the testing equipment and test results are discussed in the following
sections.
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3.1 Abstract
Fly ash-based geopolymer (FAGP) and alkali-activated slag (AAS) concrete are produced
by mixing alkaline solutions with aluminosilicate materials. As the FAGP and AAS
concrete are free of Portland cement, they have a low carbon footprint and consume low
energy during the production process. This paper compares the engineering properties of
normal strength and high strength FAGP and AAS concrete with OPC concrete. The
engineering properties considered in this study included workability, dry density,
ultrasonic pulse velocity (UPV), compressive strength, indirect tensile strength, flexural
strength, direct tensile strength, and stress-strain behaviour in compression and direct
tension. Microstructural observations using scanning electronic microscopy (SEM) are
also presented. It was found that the dry density and UPV of FAGP and AAS concrete
were lower than those of OPC concrete of similar compressive strength. The tensile
strength of FAGP and AAS concrete was comparable to the tensile strength of OPC
concrete when the compressive strength of the concrete was about 35 MPa (normal
strength concrete). However, the tensile strength of FAGP and AAS concrete was higher
than the tensile strength of OPC concrete when the compressive strength of concrete was
about 65 MPa (high strength concrete). The modulus of elasticity of FAGP and AAS
concrete in compression and direct tension was lower than the modulus of elasticity of
OPC concrete of similar compressive strength. The SEM results indicated that the
microstructures of FAGP and AAS concrete were more compact and homogeneous than
the microstructures of OPC concrete at 7 days, but less compact and homogeneous than
the microstructures of OPC concrete at 28 days for the concrete of similar compressive
strength.
3.2 Introduction
Cement is the main material used in the production of concrete. The production process
of cement is associated with the consumption of high energy and natural resources. The
production of cement is associated with the emission of greenhouse gases including
methane, nitrous oxide and carbon dioxide into the atmosphere. Indeed, it is estimated
that the production of one tonne of cement requires about 1.5 tonnes of raw materials and
releases nearly one tonne of carbon dioxide into the atmosphere (Turner and Collins 2013;
Gartner 2004; Wallah and Rangan 2006; Wallah 2010; Farhan et al. 2018). Thus, the use
of aluminosilicate materials as an alternative to the cement has become necessary,
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especially to reduce the carbon dioxide emissions into the atmosphere. Many research
studies were carried out to develop new and greener materials as alternatives to cement
such as geopolymer and alkali activated binder. Fly ash (FA) and Ground Granulated
Blast Furnace Slag (GGBS) are the most common aluminosilicate materials used in the
production of fly ash based geopolymer (FAGP) and alkali-activated slag (AAS)
concrete. The FAGP and AAS concrete are green concrete without Portland cement. The
FAGP and AAS concrete can be produced by blending an alkaline solution with
aluminosilicate materials such as FA and GGBS. The FAGP and AAS concrete are
proven to have comparable mechanical properties to the OPC concrete but with reduced
greenhouse gas emissions. The use of FAGP or AAS concrete can reduce CO2 emissions
into atmosphere associated with the production of concrete by 60-80 % (Ryu et al. 2013;
Akçaözoğlu and Atiş 2011).
Fernandez-Jimenez et al. (2006) studied the engineering properties of heat cured FAGP
concrete and compared with the engineering properties of OPC concrete. The test results
showed that the indirect tensile and flexural strengths of FAGP concrete were higher than
those of OPC concrete. However, the modulus of elasticity of FAGP concrete was lower
than the modulus of elasticity of OPC concrete. Hardjito and Rangan (2005) showed that
FAGP concrete achieved similar compressive strength, higher indirect tensile and flexural
strengths and lower modulus of elasticity than OPC concrete. Neupane et al. (2014)
studied the engineering properties of heat cured FAGP concrete and compared with the
engineering properties of OPC concrete. It was found that the indirect tensile and flexural
strengths of FAGP concrete were higher than those of OPC concrete, whereas the
modulus of elasticity of FAGP concrete was similar to the modulus of elasticity of OPC
concrete. Diaz-Loya et al. (2011) investigated the engineering properties of heat cured
FAGP concrete. The engineering properties of heat cured FAGP concrete were found to
be similar to those of OPC concrete. The test results also showed that the equations in the
existing design standards for OPC concrete could be used for FAGP concrete to determine
the indirect tensile strength, flexural strength, and the modulus of elasticity.
Several studies investigated the engineering properties of AAS concrete and compared
with the engineering properties of OPC concrete. Bernal et al. (2011) studied the
engineering properties of AAS concrete produced in the laboratory at an ambient
condition and compared with the engineering properties of OPC concrete. The
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compressive strength of AAS concrete was found to be comparable to the compressive
strength of OPC concrete, but the indirect tensile and flexural strengths were slightly
higher than those of OPC concrete. Lee et al. (2013) studied the engineering properties
of AAS concrete produced in the laboratory at an ambient condition and showed that the
indirect tensile strength and modulus of elasticity of AAS concrete were slightly lower
than those of OPC concrete. Chi (2012) investigated the mechanical and durability
performance of AAS concrete and compared with the mechanical and durability
performance of OPC concrete. The test results showed that AAS concrete could be
produced with superior engineering properties (compressive strength, splitting tensile
strength, drying shrinkage, sulphate attack resistance, and high-temperature resistance)
and the durability to those of OPC concrete.
Most of the previous studies focused either on the engineering properties of FAGP
concrete or the engineering properties of AAS concrete and compared with the
engineering properties of OPC concrete. The engineering properties of FAGP and AAS
concrete compared to the OPC concrete have not been adequately investigated in the
available literature. Very limited information is currently available for the engineering
properties of FAGP and AAS concrete compared to the OPC concrete. An extensive
review of literature revealed, none of the research studies investigated the engineering
properties of normal strength and high strength FAGP and AAS concrete compared with
the engineering properties of OPC concrete. A complete understanding of the engineering
properties of FAGP and AAS concrete is important for the design and field
implementation of eco-friendly concrete structures. This paper compares the engineering
properties of normal strength and high strength FAGP and AAS concrete with the
engineering properties of normal strength and high strength OPC concrete.
Microstructural investigations using scanning electronic microscopy (SEM) are also
carried out. The equations in the existing standards for OPC concrete were used to
calculate indirect tensile strength, flexural strength and modulus of elasticity of FAGP
and AAS concrete and compared with the experimental results.
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3.3 Experimental investigation
3.3.1 Materials used
The materials used in this study were FA, GGBS and General-purpose cement (PC 2018).
The FA supplied by Gladstone Power Station, Australia (GPSA 2018) was used as source
material for FAGP concrete. The GGBS supplied by the Australian Slag Association
(ASA 2018) was used as source material for AAS concrete. General purpose cement was
used as the binder for OPC concrete. The chemical composition of FA and GGBS was
determined by X-Ray Fluorescent (XRF) and is shown in Table 3.1.
Table 3.1 The chemical composition of FA and GGBS
Composition (mass)

Mass content (%)
FA

GGBS

SiO2

62.2

32.4

Al2O3

27.5

14.96

Fe2O3

3.92

0.83

CaO

2.27

40.70

MgO

1.05

5.99

K2 O

1.24

0.29

Na2O

0.52

0.42

TiO2

0.16

0.84

P2O5

0.30

0.38

Mn2O3

0.09

0.40

SO3

0.08

2.74

Loss on ignition

0.89

NA

Chemical analyses of FA and GGBS were carried out in the School of Earth and
Environmental Sciences at the University of Wollongong, Australia. Table 3.1 shows that
FA contains less than 5% calcium oxide (CaO). The sum of Al2O, SiO2 and Fe2O3
contents was higher than 70% of the FA components. The CaO content was less than 8%
of the FA components. Hence, the FA used in this study can be classified as Type ‘F’
according to ASTM C618-08 (ASTM 2012). The chemical compositions of the OPC
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provided by cement Australia (PC 2018) are shown in Table 3.2. Crushed coarse
aggregate with 10 mm maximum aggregate size in the saturated surface dry condition and
locally available river sand (fine aggregate) were used to prepare all the test specimens.
The alkaline activator was a mixture of sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3) solution. Sodium hydroxide (NaOH) pellets were dissolved in potable water to
prepare the sodium hydroxide (NaOH) solution with different concentrations. Sodium
silicate solution (Na2SiO3) with a specific gravity of 1.53 and an activator modulus (Ms)
of 2.0 (Ms = SiO2/Na2O; SiO2 = 29.4% and Na2O = 14.7%) was supplied by PQ Australia
(PQ 2018). To obtain fresh concrete with high workability, commercially available high
range water reducer (Glenium 8700) supplied by BASF, Australia (BASF 2018) was used
in this study.
Table 3.2 Chemical composition of cement (PC 2018)
Composition (mass)

Mass content (%)

Portland Cement Clinker

<97

Gypsum (CaSO4 .2H2O)

2-5

Limestone (CaCO3)

0-7.5

Calcium Oxide (CaO)

0-3

Hexavalent Chromium Cr (VI)
Crystalline Silica (Quartz)

<20 ppm
<1

3.3.2 Preparation of concrete mixes
Three types of concrete were used in this study: FAGP, AAS and OPC concrete. The
design compressive strengths of the concrete at 28 days were 35 MPa (normal strength
concrete, NSC) and 65 MPa (high strength concrete, HSC). The total amount of aggregate
in the FAGP and AAS concrete was between 60 and 80% of the mass of the concrete.
The amount of aggregate varied depending on the amount of binder (FA and GGBS) and
alkaline activator. The concentration of NaOH used to prepare the normal strength and
high strength FAGP concrete was 12 mol/litre (M) and 14 mol/litre (M), respectively.
The ratio of sodium silicate (Na2SiO3) to sodium hydroxide (NaOH) was fixed at 2. The
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concentration of NaOH used to prepare the normal strength and high strength AAS
concrete was 12 M and 14 M, respectively. The ratio of sodium silicate (Na2SiO3) to
sodium hydroxide (NaOH) was fixed at 2.5. Extra water and high range water reducer
were added into the concrete mixes to obtain consistent workability during the casting of
concrete.
For the normal strength OPC concrete, the mix proportions by weight of cement, fine
aggregate, and coarse aggregate were 1:2.2:3.3 with a maximum aggregate size of 10 mm
and water to cement ratio of 0.52. For the high strength OPC concrete, the mix proportions
by weight of cement, fine aggregate, and coarse aggregate were 1:1.3:2.3 with a
maximum aggregate size of 10 mm and water to cement ratio of 0.30. Table 3.3 shows
the mix proportions of FAGP, AAS and OPC concrete mixes.
Table 3.3 Mix proportion of FAGP, AAS and OPC concrete
Concrete mix

Normal strength concrete

High strength concrete

(NSC)

(HSC)

FAGP

AAS

OPC

FAGP

AAS

OPC

Cement (kg/m3)

-

-

350

-

-

461

GGBS (kg/m3)

-

400

-

-

450

-

FA (kg/m3)

410

-

-

480

-

29

Alkaline activator/Binder

0.45

0.45

-

0.35

0.35

-

Fine aggregate (kg/m3)

627

636

760

606

625

650

Coarse aggregate (kg/m3)

1164

1169

1138

1140

1154

1150

Na2SiO3/NaOH

2

2.5

-

2

2.5

-

Na2SiO3 (kg/m3)

123

128

-

112

106

-

NaOH (kg/m3)

61.5

52

-

56

53

-

NaOH (moles/liter)

12

12

-

14

14

-

Water (kg/m3)

45

48

182

35

40

148

22.5

20

8

17.5

12.5

6.5

Superplasticizer (kg/m3)

48

The concrete was mixed in an electrical pan mixer with a capacity of 0.1 m3 in the High
Bay Laboratory at the University of Wollongong, Australia. To produce FAGP and AAS
concrete, the dry materials including FA or GGBS, fine aggregates and coarse aggregates
were mixed for about four minutes. Afterwards, alkaline activator, water and the high
range water reducer were added to the dry mix, which was then mixed for another five
minutes for a uniform consistency of concrete. These fresh mixes were then poured into
Polyvinyl chloride (PVC) moulds to prepare specimens to test the dry density, ultrasonic
pulse velocity (UPV), compressive strength, indirect tensile strength and stress-strain
behaviour under compression. Also, the fresh concrete was poured into plywood moulds
to prepare the specimen for the flexural and direct tensile strength tests. These mixes were
then vibrated on a vibration table for 1 minute to remove air bubbles and to ensure that
the concrete was adequately compacted. In total, 24 cylinder specimens with 100 mm
diameter and 200 mm height were cast to test the dry density, ultrasonic pulse velocity
(UPV) and compressive strength of FAGP and AAS concrete. In addition, 48 cylinder
specimens with 150 mm diameter and 300 mm height were cast to test the indirect tensile
strength and stress-strain behaviour. Moreover, 48 prism specimens with a cross-section
of 100 mm × 100 mm and a length of 500 mm were cast for the flexural and direct tensile
strength tests. After casting, the FAGP and AAS concrete specimens were kept in the
moulds and left in the laboratory at the ambient condition (temperature of 23 ± 3 oC) for
24 hours. The FAGP concrete specimens were heat cured at 80 °C for 24 hours. Then the
specimens were removed from the moulds and left in the laboratory until the time of
testing. The AAS concrete specimens were removed from the moulds after 24 hours of
casting and were left in the laboratory at the ambient condition until the time of testing.
The dry material (cement, fine and coarse aggregates) for OPC concrete were mixed for
about four minutes and water and high range water reducer were slowly added. The
mixing continued for another five minutes for a uniform consistency of concrete. The
fresh mix was then poured into the steel moulds and vibrated for 1 minute on a vibration
table to remove any air bubbles and ensure that the concrete was adequately compacted.
Twelve cylinder specimens of 100 mm diameter and 200 mm height were cast with OPC
concrete to test dry density, ultrasonic pulse velocity (UPV) and compressive strength. In
addition, 24-cylinder specimens of 150 mm diameter and 300 mm height were cast to test
the indirect tensile strength and stress-strain behaviour under compression. Twenty-four
prism specimens with a cross-section of 100 mm × 100 mm and a length of 500 mm were
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cast for the flexural and direct tensile strength tests. After casting, the OPC concrete
specimens were kept in the moulds and left in the laboratory at the ambient condition
(temperatures of 23 ± 3 °C) for 24 hours. Afterwards, the specimens were removed from
the moulds and cured in water until the time of testing. The preparation of FAGP and
AAS concrete specimens are shown in Figure 3.1.

Figure 3.1 Preparation and failure for (a) FAGP concrete and (b) AAS concrete

3.4 Test methods
3.4.1 Microstructural analysis
The microstructure of primary materials (i.e. FA, GGBS and OPC) and the microstructure
of FAGP, AAS and OPC concrete specimens were assessed using a Scanning Electron
Microscope (SEM). The SEM analysis were carried out using JEOL-JSM 6490LV (JEOL
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2018) at the Electron Micro Centre (EMC), University of Wollongong, Australia. The
samples for SEM investigation of FAGP, AAS and OPC concrete specimens were taken
from the broken particles of the specimens which were tested under compressive strength.
The samples were cut for 20 mm in diameter and 10 mm high. The samples were left in
the laboratory at the ambient condition for 7 days before testing to ensure that the samples
were adequately dried and then coated with gold for SEM imaging.
3.4.2 Tests for fresh concrete
Slump tests were carried out according to AS 1012.3.1-1998 (AS 1998a) to determine the
consistency of the mixes. The workability of fresh concrete was determined by the slump
test using a steel cone with a top diameter of 100 mm and a bottom diameter of 200 mm
and a height of 300 mm.
3.4.3 Tests for hardened concrete
To evaluate the engineering properties of hardened FAGP and AAS concrete and compare
with the engineering properties of OPC concrete, dry density, ultrasonic pulse velocity,
compressive strength, indirect tensile strength, flexural strength, direct tensile strength
and stress-strain behaviour tests were carried out. The density of the hardened concrete
was measured according to AS 1012.12.2-1998 (AS 1998b). The density test was carried
out on three specimens of 100 mm in diameter and 200 mm in height for each mix and
the average density was recorded. Ultrasonic Pulse Velocity (UPV) tests were carried out
in accordance with ASTM C597-2009 (ASTM 2009). The UPV test was carried out on
three specimens of 100 mm in diameter and 200 mm in height for each mix and the
average UPV was recorded. Three specimens were tested and the average result has been
reported to evaluate the compressive strength and quality of the concrete based on the
speed of a stress wave passing through a solid medium. The speed of the stress wave is
related to the density of the concrete. The UPV test was carried out with a Portable
Ultrasonic Non-destructive Digital Indicating Test set up.
The compressive strength tests were carried out with the Avery compression testing
machine of 1800 kN capacity according to AS 1012.9-1999 (AS 1999). Before testing,
the specimens were capped with high strength plaster to ensure a uniform loading surface.
Three specimens from each mix were tested and the average compressive strength was
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recorded. Indirect tensile strength tests were carried out to determine the tensile strength
of concrete according to AS 1012.10-2000 (AS 2000a). The specimens were tested with
the Avery compression testing machine at a loading rate of 106 kN/min until the specimen
failed. Three specimens from each mix were tested and the average indirect tensile
strength was recorded as the tensile strength of concrete. The four-point bending tests
were carried out according to AS 1012.11-2000 (AS 20000b) using an Avery 50 tonne
testing machine at a loading rate of 2 kN/sec. The specimens were tested until failure.
The average measurement of three specimens was recorded as the flexural strength of
concrete.
The direct tensile strength of the specimens was determined according to the test setup
proposed by Alhussainy et al. (2016). The direct tensile test was carried out with a 500
kN Universal Instron testing machine at 0.1 mm/min. To ensure that the specimens
fractured in the middle, the cross-sectional area in the middle was reduced by 20% using
two wooden triangular prisms. Three specimens were tested for each mix and the average
direct tensile strengths have been reported.
The stress-strain behaviour of specimens (150 mm diameter by 300 mm high) under
compression was determined according to AS 1012.17-2014 (AS 2014) with a 5000 kN
Denison compression testing machine at a loading rate of 0.3 mm/min. Three linear
variable differential transducers (LVDT) were used to record the axial deformation of the
specimens. The specimens were capped before testing with high strength plaster to ensure
uniform loading surfaces.
3.5 Results and Discussion
3.5.1 Microstructural Development
The microscopic characteristics of primary materials (i.e., FA, GGBS and OPC) used in
the production of FAGP, AAS and OPC concrete are shown in Figure 3.2. Figure 3.2 (a)
shows that the FA consists mainly of glassy, spherical particles. The surfaces of the
particles appear to be dense and smooth. The OPC and GGBS particles consist mainly of
clear edges and angular shapes (Figure 3.2 b and c).
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(a) FA

(b) GGBS

(c) OPC
Figure 3.2 SEM images for (a) FA, (b) GGBS and (c) OPC binder
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The microstructural development of normal strength and high strength FAGP, AAS and
OPC concrete are shown in Figures (3.3-3.5). The microstructure of normal strength and
high strength FAGP concrete shows an abundance of unreacted spherical shaped particles
of fly ash and a loose amorphous structure with visible micro-cavities in the FAGP
concrete specimens at 7 days (Figure 3.3). These visible micro-cavities at 7 days are due
to the evaporation of water from FAGP concrete specimens during the heat curing stage.
The microstructure of FAGP concrete at 28 days showed less unreacted particles of fly
ash. The structures of the geopolymer mixes look denser and more compact due to some
additional geopolymerisation and the formation of aluminosilicate gel in the FAGP
concrete specimens. The aluminosilicate gel diffused through the micro-cavities to fill the
interior voids in the FAGP concrete specimens and increase adhesion with particles of
geopolymer matrices, which resulted in a highly compacted and homogeneous structure
(Diaz-Loya et al. 2010).
The microstructural development of normal strength and high strength AAS concrete
displayed heterogeneous gel matrices at 7 days (Figure 3.4). Figure 3.4 shows that most
of the GGBS particles were partially dissolved by the alkaline activator to form C-S-H
gel. Small microcracks were formed on the surface of the AAS microstructure due to a
rapid reaction between the alkaline activator and GGBS particles in the initial period
(Bernal et al. 2011; Yang et al. 2009). After 28 days, the microstructural development of
AAS concrete showed more C-S-H gel due to the dissolution of the remaining unreacted
GGBS particles. It is noted that, as the reaction continued, the small microcracks on the
surface of the AAS microstructure were filled with C-S-H gel. This helped to bridge the
microcracks on the surface of AAS microstructure. Hence, the density and uniformity of
AAS microstructure increased and a more compacted and homogeneous structure was
formed between 7 and 28 days. The findings demonstrated in this study are consistent
with those reported in few previous studies (Yang et al. 2009; Collins and Sanjayan 1999).
The microstructure of normal strength and high strength OPC concrete was less compact
and homogeneous than FAGP and AAS concrete at 7 days (Figure 3.5). However, the
microstructural development of OPC concrete at 28 days achieved denser microstructures
and was more homogeneous than FAGP and AAS concrete at 28 days. Less unreacted
OPC particles and no cracks were observed in the OPC matrices at 28 days.
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7 days

28 days

N-A-S-H gel
Unreacted FA
Micro cavities

Micro cavities

(a)

28 days

7 days

N-A-S-H gel
Micro-cracks

Unreacted FA

(b)
Figure 3.3 SEM images of FAGP concrete: (a) Normal strength concrete and (b) High
strength concrete
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7 days

28 days

C-S-H gel
Dense microstructure

Micro-cracks

(a)

7 days

28 days
Micro-cracks
C-S-H gel
Dense microstructure

(b)
Figure 3.4 SEM images of AAS concrete: (a) Normal strength concrete and (b) High
strength concrete
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28 days

7 days

Pores
Dense microstructure

(a)

7 days

28 days

Dense microstructure

(b)
Figure 3.5 SEM images of OPC concrete: (a) Normal strength concrete and (b) High
strength concrete
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Table 3.4 Engineering properties of FAGP, AAS and OPC concrete at 7 and 28 days
Concrete
Mix

Design
compressive
strength
(MPa)
at 28 days

Dry density
(kg/m3)

Ultrasonic pulse
velocity (km/s)

Compressive
strength (MPa)

Indirect tensile
strength (MPa)

Flexural strength
(MPa)

Direct tensile
strength (MPa)

7 days

28 days

7 days

28 days

7 days

28 days

7 days

28 days

7 days

28 days

7 days

28 days

2373

2378

3.14

3.20

33.90

35.91

3.37

3.58

3.57

3.81

2.33

2.43

2389

2403

3.18

3.31

29.03

36.44

2.93

3.55

3.21

3.79

2.02

2.42

OPC-35

2368

2415

3.30

3.52

26.51

35.82

2.66

3.51

3.06

3.78

1.91

2.41

FAGP-65

2381

2384

3.82

3.93

61.71

65.28

5.32

5.73

6.07

6.42

3.36

3.52

2420

2432

3.78

3.98

53.68

66.12

4.49

5.23

5.40

6.31

2.93

3.52

2401

2443

3.87

4.15

50.73

66.69

3.78

4.94

4.57

5.81

2.79

3.51

FAGP-35
AAS-35

AAS-65
OPC-65

35

65
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3.5.2 Workability
The workability of fresh FAGP, AAS and OPC concrete was measured using slump test.
The workability of fresh FAGP, AAS and OPC concrete was determined immediately
after mixing the ingredients of the concrete. For the normal strength concrete (NSC), the
fresh FAGP, AAS and OPC concrete were handled, placed, compacted and finished
easily. It was observed that FAGP concrete exhibited the highest workability compared
to AAS and OPC concrete. During the slump tests, it was observed that the FAGP
concrete collapsed during the slump test as soon as the slump cone was lifted. This was
attributed to the spherical shaped particles of fly ash, which increased the followability
of the mixes (Figure 3.2a). In addition, the sodium silicate solution and the added water
contributed further to the high flowability (Atiş and Karahan 2009; Adam 2009).
For the high strength concrete (HSC), the workability of FAGP, AAS and OPC concrete
decreased with the decrease in the liquid/binder and increase in the binder content. The
decrease in the workability was more significant for AAS and OPC concrete. This can be
attributed to the angular shape of the GGBS and OPC particles, which increased the
internal shear friction of the mixture (Deb et al. 2015). It was also observed that, with the
increase in the NaOH concentration, the viscosity of the alkaline activator solution was
increased, which made the mix very sticky. As a result, the workability of the FAGP and
AAS concrete decreased.
3.5.3 Dry density
The dry density of FAGP, AAS and OPC concrete at 7 and 28 days are presented in Table
3.4. For the NSC, the average dry density of FAGP, AAS and OPC concrete at 7 days
was 2373 kg/m3, 2389 kg/m3 and 2368 kg/m3, respectively. The dry density of FAGP,
AAS and OPC concrete increased as the age of the concrete increased. The average
density of FAGP concrete increased from 2373 kg/m3 at 7 days to 2378 kg/m3 at 28 days
with an overall increase of 0.21%. The average density of AAS concrete increased from
2389 kg/m3 at 7 days to 2403 kg/m3 at 28 days with an overall increase of 0.58%. The
average density of OPC concrete increased from 2368 kg/m3 at 7 days to 2415 kg/m3 at
28 days with an overall increase of 1.98%. The OPC concrete achieved the highest dry
density compared to the dry density of FAGP and AAS concrete at 28 days.
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For the HSC, the average dry density of FAGP, AAS and OPC concrete at 7 days were
2381 kg/m3, 2420 kg/m3 and 2401 kg/m3, respectively. The dry density of FAGP, AAS
and OPC concrete increased as the concrete age increased. The average density of FAGP
concrete increased from 2381 kg/m3 at 7 days to 2384 kg/m3 at 28 days, while the average
density of AAS concrete increased from 2420 kg/m3 at 7 days to 2432 kg/m3 at 28 days.
This increase in density was about 0.13% and 0.50% for FAGP and AAS concrete,
respectively. The average density of OPC concrete increased from 2401 kg/m3 at 7 days
to 2443 kg/m3 at 28 days with an overall increase of 1.75%. These results indicated that
there were slight increases in the density of normal strength and high strength FAGP,
AAS and OPC concrete over time. Whereas, the average density of FAGP and AAS
concrete was less than the average density of OPC concrete with similar compressive
strengths. These findings were confirmed by SEM analyses. The SEM images showed
that FAGP and AAS concrete were less dense, less compacted, and had less homogeneous
microstructures than OPC at 28 days (Figures 3.3-3.5).
3.5.4 Ultrasonic Pulse Velocity
The ultrasonic pulse velocity (UPV) test is used to evaluate the strength and quality of
concrete. The pulse velocity depends mostly on the density and properties of concrete.
The pulse velocity of FAGP, AAS and OPC concrete at 7 and 28 days are shown in Table
3.4. Table 3.4 indicates that the pulse velocity of FAGP, AAS and OPC concrete
increased as the concrete age increased. For the NSC, the average pulse velocity of FAGP
concrete increased from 3.14 km/s at 7 days to 3.20 km/s at 28 days, while for AAS
concrete the average pulse velocity increased from 3.18 km/s at 7 days to 3.31 km/s at 28
days. The increase in the pulse velocity of FAGP and AAS concrete was about 1.91% and
4.1%, respectively. The average pulse velocity of OPC concrete increased from 3.30 km/s
at 7 days to 3.52 km/s at 28 days with an overall increase of 6.67%. The ultrasonic pulse
velocity test results indicated that the quality of the concrete improved over time. The
quality of the concrete can be evaluated according to the International Atomic Energy
Agency (IAEA) (IAEA 2002), as shown in Table 3.5. Based on the IAEA, OPC concrete
can be classified as "medium" quality at 7 days, because the pulse velocity was 3.30 km/s.
As the pulse velocity increased to 3.52 km/s at 28 days, the concrete can be classified as
"good" quality. The average pulse velocity of FAGP and AAS concrete is less than the
average pulse velocity of OPC concrete, which was between 3 and 3.5 km/s at 7 and 28
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days. Hence, the FAGP and AAS concrete are classified as “medium” quality concrete
(IAEA 2002).
For the HSC, the average pulse velocity of FAGP concrete increased from 3.82 km/s at 7
days to 3.93 km/s at 28 days with an increase of 2.88%. The average pulse velocity of
AAS concrete increased from 3.78 km/s at 7 days to 3.98 km/s at 28 days with an increase
of 5.29%. The average pulse velocity of OPC concrete increased from 3.87 km/s at 7 days
to 4.15 km/s at 28 days with an increase of 7.23%. The pulse velocity of FAGP concrete
was lower than the pulse velocity of OPC concrete at 7 and 28 days. Similarly, the pulse
velocity of AAS concrete was lower than the pulse velocity of OPC concrete at 7 and 28
days. Since the pulse velocity of FAGP, AAS and OPC concrete at 7 and 28 days ranged
between 3.5 and 4.5 km/s, they can be classified as “good” quality concrete (IAEA 2002).
Table 3.5 Classification of the quality of concrete based on ultrasonic pulse
velocity (IAEA 2002)
Longitudinal pulse velocity (km/s)

Quality of concrete
Excellent

>4.5
3.5-4.5

Good

3.0-3.5

Medium

2.0-3.0

Poor
Very poor

<2.0

3.5.5 Compressive strength
The average compressive strength of FAGP, AAS and OPC concrete at 7 and 28 days are
shown in Table 3.4. The compressive strength of AAS and FAGP concrete is comparable
to the OPC concrete at 28 days (Table 3.4). For the NSC with the design compressive
strength of 35 MPa, the average compressive strength of FAGP, AAS and OPC concrete
at 7 days was 33.90 MPa, 29.03 MPa and 26.51 MPa, respectively. The FAGP concrete
achieved the highest initial compressive strength at 7 days, which was 94.44% of the
compressive strength at 28 days. However, AAS and OPC concrete obtained a lower
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initial compressive strength than FAGP concrete at 7 days, which were 79.66% and
74.01% of the compressive strength at 28 days. The compressive strength of FAGP, AAS
and OPC concrete increased with time (Table 3.4), the average compressive strength of
FAGP, AAS and OPC concrete at 28 days was 35.91, 36.44 MPa and 35.82 MPa,
respectively.
For the HSC with the design compressive strength of 65 MPa, the average compressive
strength of FAGP, AAS and OPC concrete at 7 days was 61.71 MPa, 53.68 MPa and
50.73 MPa, respectively. The FAGP concrete achieved the highest initial compressive
strength at 7 days, which was 94.53% of the compressive strength at 28 days. The
compressive strength of AAS and OPC concrete at 7 days were 81.20% and 76.06%,
respectively, of the compressive strength at 28 days. The compressive strengths of FAGP,
AAS and OPC concrete increased with time. The average compressive strengths of
FAGP, AAS and OPC concrete at 28 days were 65.28, 66.12 MPa, and 66.69 MPa,
respectively. For the NSC and HSC, FAGP concrete developed most of its compressive
strength at 7 days although there was a slight increase in the compressive strength at 28
days (Table 3.4) due to heat curing, which accelerated the geopolymerisation (dissolution
mechanism) reaction and increased the compressive strength. The findings of this study
agree with Adam (Adam 2009), in which it was shown that FAGP concrete developed
most of its compressive strength at 7 days and there was a marginal increase in the
compressive strength at 28 days (Adam 2009).
3.5.6 Indirect tensile strength
The indirect tensile strength of FAGP, AAS and OPC concrete was determined at 7 and
28 days, and the results are reported in Table 3.4. For the NSC, the average indirect tensile
strength of FAGP, AAS and OPC concrete at 7 days was 3.37 MPa, 2.93 MPa and 2.66
MPa, respectively. The FAGP concrete achieved the highest indirect tensile strength at 7
days. The indirect tensile strength of FAGP, AAS and OPC concrete increased as the
concrete age increased. The average indirect tensile strength of FAGP, AAS and OPC
concrete at 28 days was 3.58 MPa, 3.55 MPa and 3.51 MPa, respectively. The indirect
tensile strength of FAGP, AAS and OPC concrete increased by 6.23%, 21.16% and
31.95% at 28 days, respectively, compared to the indirect tensile strengths at 7 days.
When compared with the OPC concrete, the FAGP and AAS concrete achieved very
similar indirect tensile strength at 28 days (Table 3.4).
62

For the HSC, the average indirect tensile strength of FAGP, AAS and OPC concrete at 7
days was 5.32 MPa, 4.49 MPa and 3.78 MPa, respectively. The FAGP concrete achieved
the highest indirect tensile strength at 7 days. The indirect tensile strength of FAGP, AAS
and OPC concrete increased with age. The average indirect tensile strength of FAGP,
AAS and OPC concrete at 28 days was 5.73 MPa, 5.23 MPa and 4.94 MPa, respectively.
The indirect tensile strength of FAGP, AAS and OPC concrete increased by 7.71%,
16.48% and 30.68% at 28 days, respectively. From the test results, it can be observed that
the FAGP and AAS concrete achieved about 15.99% and 5.87%, respectively, higher
indirect tensile strength at 28 days than OPC concrete of similar compressive strength.
These results are consistent with previous studies carried out on FAGP and AAS concrete.
Ryu et al. (2013) examined the indirect tensile strength of fly ash based geopolymer
concrete and found that the indirect tensile strength of geopolymer concrete was higher
than the indirect tensile strength of OPC concrete. Bernal et al. (2010) reported that AAS
concrete achieved a higher indirect tensile strength than OPC concrete at 28 days.
3.5.7 Flexural strength
The flexural strength is generally higher than the indirect tensile strength as specified in
the ACI 318-14 (ACI 2014) and AS 3600-2009 (AS 2009). The average flexural strengths
of FAGP, AAS and OPC concrete at 7 and 28 days are shown in Table 3.4. For the NSC,
the average flexural strength of FAGP, AAS and OPC concrete at 7 days was 3.57 MPa,
3.21 MPa and 3.06 MPa, respectively. The FAGP concrete achieved the highest flexural
strength at 7 days. The flexural strength of FAGP, AAS and OPC concrete increased with
age. The average flexural strength of FAGP, AAS and OPC concrete at 28 days was found
to be 3.81 MPa, 3.79 MPa and 3.78 MPa, respectively. The flexural strength of FAGP,
AAS and OPC concrete increased by 6.72%, 18.07% and 23.53%, respectively, at 28 days
compared to the flexural strengths at 7 days. From the test results, it can be seen that a
significant development in the flexural strength of FAGP concrete at 7 days (3.57 MPa),
which was 93.70% of its flexural strength at 28 days. The flexural strength of FAGP and
AAS concrete was very similar to the OPC concrete at 28 days, as shown in Table 3.4.
For the HSC, the average flexural strength of FAGP, AAS and OPC concrete at 7 days
was 6.07 MPa, 5.40 MPa and 4.57 MPa, respectively. The FAGP concrete achieved the
highest flexural strength at 7 days. The flexural strengths of FAGP, AAS and OPC
concrete increased with the increase in the age of concrete. The average flexural strength
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of FAGP, AAS and OPC concrete at 28 days was 6.42 MPa, 6.31 MPa and 5.81 MPa,
respectively. The flexural strength of FAGP, AAS and OPC concrete increased by 5.76%,
16.85% and 27.13%, respectively, at 28 days compared to the flexural strengths at 7 days.
The FAGP concrete achieved the highest flexural strength at 7 days (6.07MPa), which
was 94.54% of its flexural strength at 28 days. The flexural strength of FAGP and AAS
concrete was 10.5% and 8.6%, respectively, higher than the flexural strengths of OPC
concrete at 28 days (Table 3.4). These findings agree with previous studies which reported
that FAGP concrete achieved higher flexural strength than OPC concrete for heat cured
(Hardjito et al. 2004) and ambient cured geopolymer concrete of similar compressive
strengths (Fernandez-Jimenez et al. 2006; Diaz-Loya et al. 2011; Deb et al. 2014;
Raijiwala and Patil 2011). Sarker et al. (2013) also reported that AAS concrete had higher
flexural strengths than OPC concrete of similar compressive strengths.
3.5.8 Stress-strain behaviour under uniaxial tension
The stress-strain behaviour under uniaxial tension of normal strength and high strength
FAGP, AAS and OPC concrete are shown in Figures 3.6 and 3.7. It can be observed that
the ascending branches of the stress-strain curves of FAGP, AAS and OPC concrete
exhibited similar behaviours up to the peak stress. After reaching peak stress, the FAGP,
AAS and OPC concrete showed a brittle failure as soon as they reached the peak stress.
The reduction of the cross-sectional area in the middle increased the stresses in the middle
of the specimens and induced uniform failure in the middle of the specimens.
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Figure 3.6 Typical stress-strain behaviour under uniaxial tension for specimens of
design compressive strength of 35 MPa: (a) at 7 days and (b) at 28 days
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Figure 3.7 Typical stress-strain behaviour under uniaxial tension for specimens of
design compressive strength of 65 MPa: (a) at 7 days and (b) at 28 days
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3.5.8.1 Direct tensile strength
The direct tensile strength of normal strength FAGP, AAS and OPC concrete are
presented in Table 3.4. The average direct tensile strengths of FAGP, AAS and OPC
concrete at 7 days was 2.33 MPa, 2.02 MPa and 1.91 MPa, respectively. The average
direct tensile strength of FAGP, AAS and OPC concrete at 28 days was 2.43 MPa, 2.42
MPa and 2.41 MPa, respectively. The direct tensile strength of FAGP, AAS and OPC
concrete increased by 4.29%, 19.80% and 26.18% at 28 days, respectively, compared to
the direct tensile strength at 7 days.
The high strength FAGP, AAS and OPC concrete specimens achieved average direct
tensile strengths at 7 days of 3.36 MPa, 2.93 MPa and 2.79 MPa, respectively (Table 3.4).
The direct tensile strength of FAGP, AAS and OPC concrete increased with the increase
in the concrete age. The average direct tensile strength of FAGP, AAS and OPC concrete
at 28 days was 3.52 MPa, 3.52 MPa and 3.51 MPa, respectively (Table 3.4). The direct
tensile strength of FAGP, AAS and OPC concrete increased by 4.76%, 20.14% and
25.81%, respectively, at 28 days compared to the direct tensile strength at 7 days.
It was observed that the average direct tensile strength of FAGP, AAS and OPC concrete
was less than the average indirect tensile and flexural strength of FAGP, AAS and OPC
concrete, respectively. The lower direct tensile strength compared to the indirect tensile
and flexural strengths was similar to the observation reported in Swaddiwudhipong et al.
(2003) for normal strength OPC concrete. The average direct tensile strength of normal
strength FAGP, AAS and OPC concrete was found to be 32%, 30% and 31% less than
the average indirect tensile strength of FAGP, AAS and OPC concrete at 28 days,
respectively. Also, the average direct tensile strength of FAGP, AAS and OPC concrete
was found to be 37%, 33% and 36% less than the average flexural strength of FAGP,
AAS and OPC concrete at 28 days, respectively. For the HSC, the average direct tensile
strength of FAGP, AAS and OPC concrete was found to be 38%, 32% and 29% less than
the average indirect tensile strength of FAGP, AAS and OPC concrete at 28 days,
respectively. Also, the average direct tensile strength of FAGP, AAS and OPC concrete
was found to be 45%, 44% and 40% less than the average flexural strength of FAGP,
AAS and OPC concrete at 28 days, respectively.
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3.5.8.2 Peak stress and corresponding strain
The peak stress and strain at peak stress of normal strength FAGP, AAS and OPC
concrete are presented in Table 3.6. It can be observed that the FAGP, AAS and OPC
concrete specimens achieved peak stresses at 7 days of 2.33 MPa, 2.02 MPa and 1.91
MPa, respectively. The FAGP concrete achieved higher peak stress than OPC and AAS
at 7 days. However, the peak stress of FAGP, AAS and OPC concrete specimens was
similar at 28 days. The specimens of FAGP, AAS and OPC concrete achieved peak
stresses at 28 days of 2.43 MPa, 2.42 MPa and 2.41 MPa, respectively. The peak stresses
of FAGP, AAS and OPC concrete increased by 4.29%, 19.80% and 26.18% at 28 days,
respectively. Also, the strain corresponding peak stress of FAGP, AAS and OPC concrete
increased by 7.14%, 16.67% and 8.34%, respectively, at 28 days compared to the strain
at peak stresses at 7 days.
Table 3.6 Experimental results of the peak stress, strain at peak stress, and modulus of
elasticity of the tested specimens under uniaxial tension
Average peak stress

Average strain at

Average modulus of

(MPa)

peak stress × 10-3

elasticity (GPa)

Concrete Mix

7 days

28 days

7 days

28 days

7 days

28 days

FAGP-35

2.33

2.43

0.14

0.15

16.59

16.63

AAS-35

2.02

2.42

0.12

0.14

16.20

16.59

OPC-35

1.91

2.41

0.12

0.13

16.23

17.98

FAGP-65

3.36

3.52

0.17

0.20

19.22

19.46

AAS-65

2.93

3.52

0.16

0.18

18.38

19.36

OPC-65

2.79

3.51

0.15

0.17

18.66

20.95
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For the HSC, the peak stress of FAGP, AAS and OPC concrete at 7 days was 3.36 MPa,
2.93 MPa and 2.79 MPa, respectively. The peak stress of FAGP, AAS and OPC concrete
increased with time. The FAGP, AAS and OPC concrete achieved peak stresses of 3.52
MPa, 3.52 MPa and 3.51 MPa at 28 days (Table 3.6). The peak stresses of FAGP, AAS
and OPC concrete increased by 4.76%, 20.14% and 25.81%, respectively, at 28 days
compared to the peak stresses at 7 days. Also, the strain corresponding peak stress of
FAGP, AAS and OPC concrete increased by 17.64%, 12.5% and 13.34%, respectively,
at 28 days compared to the strain at peak stresses at 7 days (Table 3.6).
3.5.8.3 Modulus of elasticity
The modulus of elasticity of FAGP, AAS and OPC concrete was calculated using the
slope of ascending branches of tensile stress-strain curves. The modulus of elasticity of
normal strength and high strength FAGP, AAS and OPC concrete are presented in Table
3.6. For NSC, the modulus of elasticity at 7 days was 16.59 GPa, 16.20 GPa and 16.23
GPa for the FAGP, AAS and OPC concrete specimens, respectively (Table 3.6). The
modulus of elasticity at 28 days was 16.63 GPa, 16.59 GPa and 17.98 GPa for the FAGP,
AAS and OPC concrete specimens, respectively. The modulus of elasticity of FAGP,
AAS and OPC concrete increased by 0.24%, 2.41% and 10.78 % at 28 days, respectively,
compared to the modulus of elasticity at 7 days. The OPC concrete achieved 8.12% and
8.38% higher modulus of elasticity than FAGP and AAS concrete at 28 days,
respectively. The modulus of elasticity of high strength FAGP, AAS and OPC concrete
was 19.22 GPa, 18.38 GPa and 18.66 GPa at 7 days, respectively (Table 3.6). The
modulus of elasticity of FAGP, AAS and OPC concrete at 28 days was found to be 19.46
GPa, 19.36 GPa and 20.95 GPa, respectively. The modulus of elasticity of FAGP, AAS
and OPC concrete increased by 1.25%, 5.33% and 12.27% at 28 days, respectively;
compared to the modulus of elasticity at 7 days. The OPC specimens achieved 7.65% and
8.21% higher modulus of elasticity than FAGP and AAS concrete at 28 days,
respectively.
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3.5.9 Stress-strain behaviour in compression
For the NSC, the experimental stress-strain behaviour in compression of the specimens
of FAGP, AAS and OPC concrete at 7 and 28 days are shown in Figure 3.8. It was
observed that the ascending branch of the stress-strain curves of FAGP, AAS and OPC
concrete was almost linear until the peak stress (Figure 3.8). After reaching peak stress,
the FAGP and AAS concrete showed a more rapid decline in the descending branch of
the stress-strain curves and failed in a brittle manner immediately after the peak stress.
However, OPC concrete showed a softening decline in the descending branch of the
stress-strain curves. The increase in the brittleness of FAGP and AAS concrete was also
reported by Atiş et al. (2009) and can be attributed to the high micro-cracking in FAGP
and AAS concrete (Lee et al. 2013). For the HSC, the experimental stress-strain behaviour
of specimens of FAGP, AAS and OPC concrete at 7 and 28 days are shown in Figure 3.9.
As the compressive strength increased, the slope of the ascending and descending
branches of the stress-strain curves became steeper (Figure 3.9). In addition, the failure
was more sudden and explosive rather than continual softening.
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Figure 3.8 Typical stress-strain behaviour under compression for specimens of design
compressive strength of 35 MPa: (a) at 7 days and (b) at 28 days
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Figure 3.9 Typical stress-strain behaviour under compression for specimens of design
compressive strength of 65 MPa: (a) at 7 days and (b) at 28 days
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3.5.9.1 Peak stress and corresponding strain
The peak stress and strain at peak stress obtained from the stress-strain curve are shown
in Table 3.7. For the NSC, the peak stress of FAGP, AAS and OPC concrete at 7 days
was 32.40 MPa, 26.88 MPa and 24.81 MPa, respectively (Table 3.7). The FAGP concrete
achieved higher peak stress than AAS and OPC concrete at 7 days. The peak stress for
FAGP concrete increased slightly with time, whereas the peak stress of AAS and OPC
concrete increased significantly with time. The peak stress of FAGP, AAS and OPC
concrete at 28 days was 33.39 MPa, 34.08 MPa and 33.06 MPa, respectively. The peak
stress of FAGP, AAS and OPC concrete increased by 3.05%, 26.78% and 33.25 %,
respectively, at 28 days compared to the peak stresses at 7 days. While, the strain
corresponding peak stress of FAGP, AAS and OPC concrete increased by 1.83%, 5.42%
and 2.46%, respectively, at 28 days compared to the strain at peak stress at 7 days (Table
3.7).
Table 3.7 Experimental results of peak stress, strain at peak stress, and the modulus of
elasticity of specimens tested under compression
Average peak stress
Concrete Mix

Average strain at
peak stress

Average modulus of
elasticity (GPa)

7 days

28 days

7 days

28 days

7 days

28 days

FAGP-35

32.40

33.39

0.00219

0.00223

17.34

18.05

AAS-35

26.88

34.08

0.00203

0.00214

16.82

17.95

OPC-35

24.81

33.06

0.00203

0.00208

18.78

20.20

FAGP-65

59.36

63.07

0.00301

0.00312

21.35

24.47

AAS-65

52.18

64.26

0.00275

0.00282

20.21

23.30

OPC-65

48.56

63.34

0.00216

0.00244

22.10

27.63

For the HSC, the peak stress of FAGP, AAS and OPC concrete at 7 days was 59.36 MPa,
52.18 MPa and 48.56 MPa, respectively. The peak stress of FAGP concrete was higher
than AAS and OPC concrete at 7 days. The peak stress of FAGP concrete slightly
increased with time, whereas the peak stress of AAS and OPC concrete increased
significantly with time. The peak stress of FAGP, AAS and OPC concrete at 28 days was
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63.07 MPa, 64.26 MPa and 63.34 MPa respectively. The peak stress of FAGP, AAS and
OPC concrete increased by 6.25%, 23.15% and 30.44%, respectively, at 28 days
compared to the peak stresses at 7 days. The strain corresponding to the peak stress of
FAGP, AAS and OPC concrete increased by 3.65%, 2.55% and 12.96%, respectively, at
28 days compared to the strain at peak stresses at 7 days (Table 3.7).
3.5.9.2 Modulus of elasticity
The modulus of elasticity was calculated according to ACI 318-11 (ACI 2011) as the
slope of the tangent of a stress-strain curve drawn from the origin to the stress equals 45%
of the peak stress. The slope of the tangent represents the modulus of elasticity of FAGP,
AAS and OPC concrete. The modulus of elasticity of normal strength FAGP, AAS and
OPC concrete are presented in Table 3.7. The modulus of elasticity of FAGP, AAS and
OPC concrete at 7 days was 17.34 GPa, 16.82 GPa and 18.78 GPa, respectively. The
modulus of elasticity increased as the concrete age increased. The modulus of elasticity
of FAGP, AAS and OPC concrete at 28 days was 18.05 GPa, 17.95 GPa and 20.20 GPa,
respectively. The modulus of elasticity of FAGP, AAS and OPC concrete increased by
4.09%, 6.72% and 7.56%, respectively, at 28 days compared to the modulus of elasticity
at 7 days.
The modulus of elasticity of high strength FAGP, AAS and OPC concrete was 21.35 GPa,
20.21 GPa and 22.10 GPa, respectively, at 7 days (Table 3.7). The modulus of elasticity
increased as the concrete age increased. The modulus of elasticity of FAGP, AAS and
OPC concrete at 28 days was found to be 24.47 GPa, 23.30 GPa and 27.63 GPa,
respectively. The modulus of elasticity of FAGP, AAS and OPC concrete increased by
14.61%, 15.29% and 25.02%, respectively, at 28 days compared to the modulus of
elasticity at 7 days. As such, the FAGP and AAS concrete had a lower modulus of
elasticity than OPC concrete with similar compressive strength. The experimental results
indicated that FAGP concrete had about 12-13% less modulus of elasticity than OPC
concrete at 28 days. The AAS concrete had about 13-19% less modulus of elasticity than
OPC concrete at 28 days. A similar observation was reported by Olivia and Nikraz (2012)
for heat cured fly ash based geopolymer concrete which exhibited a modulus of elasticity
of 14.9-28.8% less than OPC concrete with similar compressive strengths. Hardjito et al.
(2004) reported that the modulus of elasticity of heat cured fly ash based geopolymer was
about 10% lower than OPC concrete with similar compressive strengths. Yang et al.
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(2009) and Douglas et al. (1992) also reported that alkali-activated concrete generally had
a lower modulus of elasticity than OPC concrete with similar compressive strengths.
3.6 Comparison between calculated and experimental results
The design standards specified equations to calculate indirect tensile strength, flexural
strength and modulus of elasticity from compressive strength of OPC concrete. The
equations specified in the ACI 318-14 (ACI 2014) and AS 3600-2009 (AS 2009) for OPC
concrete and the equations proposed in the previous studies (Diaz-Loya et al. 2011;
Hardjito et al. 2004; Sofi et al. 2007; Gunasekera et al. 2017; Nath and Sarker 2017) for
geopolymer concrete were used to calculate indirect tensile strength, flexural strength and
modulus of elasticity of FAGP and AAS concrete and compared with the experimental
results.
3.6.1 Indirect tensile strengths
The ACI 318-14 (ACI 2014) specified Equation (3.1) as the approximate relationship
between the indirect tensile strength and the compressive strength.

𝑓𝑐𝑡.𝑠𝑝 = 0.56 √𝑓𝐶 ′ (MPa)

(3.1)

where 𝑓𝑐𝑡.𝑠𝑝 is indirect tensile strength (MPa) and 𝑓𝐶 ′ is the specified compressive
strength (MPa) at 28 days.
The AS 3600-2009 (AS 2009) specified Equation (3.2) as the relationship between the
indirect tensile strength and compressive strength.

𝑓𝑐𝑡.𝑠𝑝 = 0.36 √𝑓𝐶 ′ (MPa)

(3.2)

Sofi et al. (2007) proposed Equation (3.3) for the relationship between indirect tensile
strength and compressive strength of fly ash based geopolymer concrete.

𝑓𝑐𝑡.𝑠𝑝 = 0.48 √𝑓𝐶 ′ (MPa)
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(3.3)

Gunasekera et al. (2017) proposed Equation (3.4) for the relationship between indirect
tensile strength and compressive strength of concrete.
𝑓𝑐𝑡.𝑠𝑝 = 0.45 √𝑓𝐶 ′ (MPa)

(3.4)

The relationship between indirect tensile strength and compressive strength of the
experimental and calculated values are shown in Figure 3.10. It can be seen that the
experimental indirect tensile strength of normal strength FAGP and AAS concrete are
close to the calculated indirect tensile strength using ACI 318-14 (ACI 2014) and mostly
higher than those calculated using AS 3600-2009 (AS 2009), Sofi et al. (2007) and
Gunasekera et al. (2017). However, the experimental indirect tensile strength for high
strength FAGP and AAS concrete were higher than the indirect tensile strength calculated
using ACI 318-14 (ACI 2014), AS 3600-2009 (AS 2009), Sofi et al. (2007) and
Gunasekera et al. (2017) (Figure 3.10). The results obtained using ACI 318-14 (ACI
2014) for OPC concrete provided a conservative estimate of normal strength FAGP and
AAS concrete. However, the ACI 318-14 (ACI 2014) for OPC concrete did not provide
a conservative estimate of high strength FAGP and AAS concrete.
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Figure 3.10 Indirect tensile strength versus compressive strength: (a) FAGP concrete
and (b) AAS concrete
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3.6.2 Flexural Strengths
The equations in the ACI 318-14 (ACI 2014) and AS 3600-2009 (AS 2009) for OPC
concrete and proposed in previous studies (Diaz-Loya et al. 2011; Sofi et al. 2007; Nath
and Sarker 2017) for geopolymer concrete were used to calculate the flexural strength of
FAGP and AAS concrete and compared with the experimental results.
The ACI 318-14 (ACI 2014) recommended Equation (3.5) for the relationship between
the flexural strength and compressive strength of concrete.

𝑓𝑐𝑡.𝑓 = 0.62 √𝑓𝐶 ′ (MPa)

(3.5)

where 𝑓𝑐𝑡.𝑓 is the flexural strength (MPa) and 𝑓𝐶 ′ is the specified compressive strength
(MPa) at 28 days.
The AS 3600-2009 (AS 2009) recommended Equation (3.6) for the relationship between
the flexural strength and compressive strength of concrete.

𝑓𝑐𝑡.𝑓 = 0.6 √𝑓𝐶 ′

(MPa)

(3.6)

Diaz-Loya et al. (2011) suggested Equation (3.7) for the relationship between the flexural
and compressive strength of geopolymer concrete.

𝑓𝑐𝑡.𝑓 = 0.69√𝑓𝐶 ′ (MPa)

(3.7)

Nath and Sarker (2017) proposed Equation (3.8) for the relationship between the flexural
strength and compressive strength of concrete.
𝑓𝑐𝑡.𝑓 = 0.93√𝑓𝐶 ′ (MPa)

(3.8)

The relationship between flexural strength and compressive strength of the experimental
and calculated values are drawn in Figure 3.11. Figure 3.11 indicates that the
experimental flexural strength of normal strength FAGP and AAS concrete are
comparable to those calculated using ACI 318-14 (ACI 2014) and AS 3600-2009 (AS
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2009). However, the experimental flexural strength of normal strength FAGP and AAS
concrete are lower than those calculated using Diaz-Loya et al. (2011) and Nath and
Sarker (2017) for geopolymer concrete. The experimental flexural strength of high
strength FAGP and AAS concrete are higher than those calculated using ACI 318-14
(ACI 2014), AS 3600-2009 (AS 2009) and Diaz-Loya et al. (2011) and lower than those
calculated using Nath and Sarker (2017). This means that ACI 318-14 (ACI 2014) and
AS 3600-2009 (AS 2009) for OPC provided a conservative estimate of normal strength
FAGP and AAS concrete in terms of flexural strength. However, the ACI 318-14 (ACI
2014) and AS 3600-2009 (AS 2009) for OPC concrete did not provide a conservative
estimate of high strength FAGP and AAS concrete.
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Figure 3.11 Flexural strength versus compressive strength: (a) FAGP concrete and (b)
AAS concrete
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3.6.3 Modulus of elasticity
The equations specified in the ACI 318-14 (ACI 2014) and AS 3600-2009 (AS 2009) for
OPC concrete were used to calculate modulus of elasticity of FAGP and AAS concrete
and compared with the experimental results. Also, the equations proposed in Hardijito et
al. (2004) and Diaz-Loya et al. (2011) for geopolymer concrete were used to calculate the
modulus of elasticity of FAGP and AAS concrete and compared with the experimental
results.
The ACI 318-14 (ACI 2014) specified Equation (3.9) for the modulus of elasticity of OPC
concrete.

𝐸𝐶 = (𝜌1.5 ) × (0.043√𝑓𝐶 ′ )

(3.9)

where EC is the modulus of elasticity, 𝜌 is the density of concrete (kg/m3) and 𝑓𝐶 ′ is
compressive strength at 28 days.
The AS 3600-2009 (AS 2009) specified Equation (3.10) for the modulus of elasticity of
OPC concrete.

𝐸𝐶 = (𝜌1.5 ) × (0.024√𝑓𝐶 ′ + 0.12 )

when

𝑓𝐶 ′ > 40 MPa

(3.10)

According to AS 3600-2009 (AS 2009), the modulus of elasticity can be calculated using
a similar equation proposed in the ACI 318-14 (ACI 2014) for OPC concrete of
compressive strength less than 40 MPa.
Hardjito et al. (2004) proposed Equation (3.11) for the modulus of elasticity of
geopolymer concrete.

𝐸𝐶 = 2707√𝑓𝐶 ′ + 5300
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(3.11)

Diaz-Loya et al. (2011) proposed Equation (3.12) for the modulus of elasticity of
geopolymer concrete

𝐸𝐶 = 0.037 × 𝜌1.5 × √𝑓𝐶 ′

(3.12)

The calculated and experimental results of the modulus of elasticity of FAGP and AAS
concrete are shown in Figure 3.12. The results obtained from the ACI 318-14 (ACI 2014),
AS 3600-2009 (AS 2009) and Diaz-Loya et al. (2011) overestimated the experimental
results of normal strength and high strength FAGP and AAS concrete (Figure 3.12).
Similar observations were reported in the previous studies conducted on the comparison
between calculated and experimental modulus of elasticity. Yost et al. (2013) reported
that the modulus of elasticity of FAGP concrete was 11-16% less than the calculated
modulus of elasticity using ACI 318-14 (ACI 2014). Yang et al. (2009) found that
modulus of elasticity of AAS concrete was 12-15% lower than the values calculated using
ACI 318-14 (ACI 2014). The calculated modulus of elasticity using ACI 318-14 (ACI
2014) and AS 3600-2009 (AS 2009) for OPC concrete did not provide a conservative
estimate of normal and high strength FAGP and AAS concrete in terms of modulus of
elasticity. However, the results obtained using Hardjito et al. (2004) was very close to
those obtained from experimental results. Therefore, the modulus of elasticity for normal
strength and high strength FAGP and AAS concrete can be reasonably estimated using
the equation proposed by Hardjito et al. (2004).

82

Modulus of elaciticity (GPa)

50

40

30

20
Expermintal results (7 d)
Expermintal results (28 d)
ACI 318 (2014)
AS 3600 (2009)
Hardijito et al. (2004)
Diaz-Loya et al. (2011)

10

0
5

6

7

8

9

fc′ ( MPa )
(a)

Modulus of elaciticity (GPa)

50

40

30

20
Expermintal results (7 d)
Expermintal results (28 d)
ACI 318 (2014)
AS 3600 (2009)
Hardijito et al. (2004)
Diaz-Loya et al. (2011)

10

0
5

6

7

8

9

fc′ ( MPa )
(b)
Figure 3.12 Modulus of elasticity versus compressive strength: (a) FAGP concrete and
(b) AAS concrete
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3.7 Conclusions
This paper compares the engineering properties of normal strength and high strength
FAGP and AAS concrete with OPC concrete. The following conclusions are drawn from
the test results.
1. The average dry density and ultrasonic pulse velocity of FAGP and AAS concrete were
lower than those of OPC concrete. This finding was confirmed by SEM analyses. The
SEM images showed that at 28 days, FAGP and AAS concrete were less dense and less
compacted with less homogeneous microstructures compared to OPC concrete.
2. The normal strength FAGP, AAS and OPC concrete have comparable indirect tensile,
flexural and direct tensile strengths. However, the indirect tensile, flexural strength and
direct tensile strength of high strength (compressive strength of about 65 MPa) FAGP and
AAS concrete were higher than those of high strength OPC concrete.
3. The equations recommended in ACI 318-14 (ACI 2014) for OPC concrete can be used
for the conservative prediction of the indirect tensile strength of normal strength
(compressive strength of about 35 MPa) FAGP and AAS concrete. However, the current
ACI 318-14 (ACI 2014) for OPC concrete does not provide a conservative estimate of
the indirect tensile strength of high strength (compressive strength of about 65 MPa)
FAGP and AAS concrete. The equations recommended in ACI 318-14 (ACI 2014) and
AS 3600-2009 (AS 2009) can be used for conservative prediction of the flexural strength
of normal strength (compressive strength of about 35 MPa) FAGP and AAS concrete.
However, the equations recommended in ACI 318-14 (ACI 2014) and AS 3600-2009 (AS
2009) does not provide a conservative estimate of the flexural strength of high strength
(compressive strength of about 65 MPa) FAGP and AAS concrete.
4. The modulus of elasticity of normal strength and high strength FAGP and AAS
concrete under uniaxial tension was about 7-8% and 8-9% less than the modulus of
elasticity of OPC with the similar compressive strengths at 28 days. The modulus of
elasticity of normal strength and high strength FAGP and AAS concrete under
compression was about 12-13% and 13-19% less than the modulus of elasticity of OPC
with a similar compressive strength at 28 days.
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5. The modulus of elasticity of normal strength and high strength FAGP and AAS
concrete calculated using ACI 318-14 (ACI 2014), AS 3600-2009 (AS 2009) and DiazLoya et al. (2011) was higher than the experimental modulus of elasticity. However, the
modulus of elasticity of normal strength and high strength FAGP and AAS concrete can
be closely estimated reasonably using equation recommended in Hardjito et al. (2004).
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Preamble
Geopolymer concrete is a new type of concrete with highly desirable engineering
properties that can result in significant economic and environmental benefits. However,
the main concerns regarding the use of geopolymer concrete in the construction of
structures are its inherent low tensile and bending strength and brittle behaviour (lack of
ductility). In order to use geopolymer concrete in the construction of structures, the
inherent brittleness should be addressed. It has been found that the addition of steel fibres
into geopolymer concrete is a promising solution to reduce the brittleness and the
tendency of geopolymer concrete to suddenly fail. The experimental work of this chapter
shows how the type and volume fractions of steel fibre improve the engineering properties
of ambient cured geopolymer concrete by using the optimum mix design from the
previous research reported in Chapter two. Three types of steel fibres, i.e., straight micro
steel fibres, deformed macro steel fibres, and hybrid steel fibres were added into the
geopolymer concrete mixes. The engineering properties investigated include workability,
compressive strength, splitting tensile strength, flexural strength, direct tensile strength,
and stress-strain response under axial compression. Details of specimen preparation and
the testing equipment used are described in the following sections.
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4.1 Abstract
This paper investigates the influence of different types of steel fibres on the engineering
properties of ambient cured alkali-activated slag-fly ash concrete. The engineering
properties investigated include workability, compressive strength, splitting tensile
strength, flexural strength, direct tensile strength and stress-strain response under axial
compression. Three types of steel fibres i.e., straight micro steel fibre, deformed macro
steel fibre and hybrid steel fibre were added to the alkali-activated slag-fly ash mixes. It
was found that the workability of the alkali-activated slag-fly ash concrete mixes
decreased with the increase in the volume fraction of steel fibres. It was also found that
the compressive strength, splitting tensile strength, flexural strength and direct tensile
strength of alkali-activated slag-fly ash concrete mixes increased with the addition of steel
fibres. The stress-strain response of alkali-activated slag-fly ash concrete mixes changed
from brittle to ductile by the addition of steel fibres. Significant improvements in the
mechanical properties of alkali-activated slag-fly ash concrete were observed for the
addition of 2% by volume of all three types of steel fibre. The addition of hybrid steel
fibre (1% straight micro steel fibre plus 1% deformed macro steel fibre) showed the
highest improvement in the mechanical properties of ambient cured alkali-activated slagfly ash concrete.
4.2 Introduction
Rapid urbanization worldwide places a significant demand on infrastructure
development. Increasing infrastructure development causes an increasing demand for
concrete and hence cement in the construction industry. Cement production is associated
with the emission of greenhouse gases, including carbon dioxide, methane, and nitrous
oxide into the atmosphere. It is estimated that the production of 1 tonne of cement releases
about 0.7-0.8 tonne of carbon dioxide (CO2) into the atmosphere (Peng et al. 2013).
Hence, the need for alternative binders for reducing carbon dioxide emissions is
paramount. One of the possible solutions is to use industrial by-product materials as
alternative binders to cement. Alkali-activated binders are considered a promising
alternative binder to cement. It is estimated that alkali-activated concrete emits about 2645% less CO2 than cement (Habert et al. 2011; McLellan et al. 2011). The alkali-activated
binder has other advantages, including better mechanical properties, better resistance to

93

chemical attack, lower chloride diffusion, and higher fire resistance than cement
(Bakharev et al. 1999, 2003; Roy et al. 2000; Rashad et al. 2012).
Alkali-activated concrete can be prepared by using aluminosilicate materials such as fly
ash (FA) and ground granulated blast furnace slag (GGBS). Alkali-activated concrete is
obtained by activating an aluminosilicate material with a strong alkaline activator either
at high temperatures or ambient conditions (Duxson et al. 2007). The chemical reaction
and strength development of alkali-activated concrete are influenced by several factors,
including chemical compositions of the aluminosilicate material, alkaline activators, and
curing conditions (Yip et al. 2008). Islam et al. (2014) observed that the compressive
strength of alkali-activated concrete increased by increasing GGBS content in the binder
containing FA. The addition of GGBS to alkali-activated concrete achieved setting time
and compressive strength equivalent to ordinary Portland cement (OPC) (Nath and Sarker
2014). Ryu et al. (2013) studied the effect of the chemical composition of alkaline
activators on the compressive strength of alkali-activated concrete. The results showed
that the chemical composition of the alkaline activators had a significant influence on the
early strength of the alkali-activated concrete.
The performance of alkali-activated concrete cured at high temperatures was investigated
in recent research publications (Palomo et al. 1999; Bakharev 2005). These studies
indicated that alkali-activated concrete achieved high compressive strength, high tensile
strength, and low porosity, which are beneficial for concrete in aggressive marine and
corrosive environments. Fernandez-Jimenez et al. (2006) studied the mechanical
properties of alkali-activated concrete and observed that alkali-activated concrete
obtained comparable compressive strength, higher splitting and flexural tensile strengths,
and lower modulus of elasticity than OPC concrete. Thomas and Peethamparan (2015)
investigated the tensile strength, modulus of elasticity, Poisson’s ratio, and stress-strain
relationships of alkali-activated concrete made with FA or GGBS. Thomas and
Peethamparan (2015) found that alkali-activated concrete obtained higher tensile strength
and lower modulus of elasticity and Poisson’s ratio than OPC concrete. Alkali-activated
concrete was found to be more durable than conventional concrete in aggressive marine
and corrosive environments (Olivia and Nikraz 2012). Most of the research studies on
heat-cured alkali-activated concrete considered limited applications of alkali-activated
concrete in the construction of precast concrete members. The development of alkali94

activated concrete at ambient curing condition will increase its application in the
construction of a wide range of structural members. The reduction in CO2 emissions, cost
saving due to ambient curing, and cast in-situ constructions are the main drivers for the
development of ambient cured alkali-activated concrete (Hadi et al. 2017).
Although alkali-activated concrete possesses many desirable engineering properties, it
lacks adequate ductility (Lokuge and Karunasena 2015). Moreover, alkali-activated
concrete exhibits low tensile and flexural strengths (Shaikh 2013; Bhutta et al. 2017).
However, the tensile strength, flexural strength, and ductility of alkali-activated concrete
can be enhanced by the addition of fibres. Fibre reinforced alkali-activated concrete was
first investigated in Davidovits (1991). Afterward, alkali-activated concrete with different
types of fibres was investigated, including carbon fibre (Ranjbar et al. 2015), polyvinyl
alcohol fibre (Yunsheng et al. 2008), polypropylene fibre (Ranjbar et al. 2016), and steel
fibre (Nataraja et al. 1999; Ng et al. 2013; Bernal et al. 2010). It was reported that the
increase in the tensile and flexural strengths of alkali-activated concrete depends on the
volume fraction, geometry, and type of fibres. The addition of carbon fibre, polyvinyl
alcohol fibre, and polypropylene fibres in alkali-activated concrete are usually associated
with poor fire resistance, poor bond with concrete, and high sensitivity to sunlight and
oxygen. A detailed literature review indicated that only a limited number of studies
investigated the addition of steel fibres in heat-cured alkali-activated concrete. Al-Majidi
et al. (2017) investigated the effect of the addition of various types (steel, polyvinyl
alcohol, and glass) and volume fractions (1-3%) of fibres on the mechanical properties of
alkali-activated concrete. It was found that the compressive strength of alkali-activated
concrete improved significantly when 2% steel fibres by volume were added to the alkaliactivated concrete mix. The use of hooked-end and straight steel fibres (0.5-1.5%)
improved the load-carrying capacity, cracking strength, crack width, and rate of crack
growth in fibre-reinforced heat cured alkali-activated concrete (Ng et al. 2013). The
incorporation of steel fibre (0.5 and 1.5%) considerably improved the splitting tensile
strength and flexural strength of heat cured alkali-activated concrete (Bernal et al. 2010).
To the knowledge of the authors, none of the research studies investigated the addition of
straight micro steel fibres, deformed macro steel fibres, and hybrid steel fibres (a
combination of straight micro and deformed macro steel fibres) in ambient cured alkaliactivated concrete. Also, none of the available studies investigated the direct tensile
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strength of alkali-activated concrete with different types of steel fibres. The direct tensile
strength of ambient cured alkali-activated concrete is significantly important for the
analysis of the cracking and postcracking response of reinforced concrete elements
constructed with alkali-activated concrete. This study investigates the mechanical
properties of ambient cured alkali-activated slag-fly ash concrete with straight micro steel
fibres, deformed macro steel fibres, and hybrid steel fibres. The objective of this study is
achieved through extensive experimental studies.
4.3 Experimental Details
4.3.1 Materials
Ground granulated blast furnace slag and fly ash were used as source materials to prepare
the alkali-activated slag-fly ash concrete. The GGBS was supplied by the Australian (Iron
& Steel) Slag Association (ASA 2017). The FA classified as Class F according to ASTM
C618-08 (ASTM 2012) was supplied by Eraring Power Station, Australia (Eraring
Australia 2017). The chemical compositions of the GGBS and the FA are reported in
Table 4.1. Crushed aggregate with a maximum size of 10 mm was used as coarse
aggregate and river sand was used as fine aggregate. The alkaline activator consisted of
combined sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) solutions. The
Na2SiO3 solution was supplied by PQ Australia (Chipping Norton, New South Wales,
Australia) (PQ Australia 2017) with a specific gravity of 1.53 and an activator modulus
(Ms) of 2.0 (Ms = SiO2/Na2O; SiO2 = 29.4% and Na2O = 14.7%). The sodium silicate and
sodium hydroxide solutions were blended for a Na2SiO3/NaOH mass ratio of 2.5. The
amount of activator was 35% of the amount of binder. Hence, the amount of activator
was 157.5 kg/m3 (= 0.35× combined amount of fly ash and GGBS of 450 kg/m3). The
sodium hydroxide solution was prepared by dissolving the NaOH pellets in potable water.
The mass of NaOH pellets varied depending on the concentration of the solution. For
example, for preparing the NaOH solution with a concentration of 14 mole/L, 560 grams
(14 pellets @ 40 g = 560 grams) NaOH solid was mixed with potable water, where 40 is
the molecular weight of NaOH. In order to mix the NaOH pellets with water, a magnetic
stirrer was used. The mix was stirred until the pellets were fully dissolved in the water.
The NaOH solution was prepared 24 hours before the mixing of concrete. The Na2SiO3
and NaOH solutions were blended together for a Na2SiO3/NaOH mass ratio of 2.5. In
order to improve the workability, a commercially available high range water reducer,
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Glenium 8700, supplied by BASF (Freshwater Place Southbank, Victoria, Australia) was
used.
Table 4.1 Chemical composition (mass %) for GGBS and FA
GGBSa

FAb

SiO2

32.4

62.2

Al2O3

14.96

27.5

Fe2O3

0.83

3.92

CaO

40.7

2.27

MgO

5.99

1.05

K2O

0.29

1.24

Na2O

0.42

0.52

TiO2

0.84

0.16

P2O5

0.38

0.30

Mn2O3

0.40

0.09

SO3

2.74

0.08

LOI

NA

NA

Component

Note: LOI = loss on ignition
(ASA 2017)
b
Eraring Australia (2017)
a

In this study, three types of steel fibres were used, i.e., straight micro steel (MS) fibres,
deformed macro steel (DS) fibres, and hybrid steel (HS) fibres. The straight micro steel
fibres were 6 mm in length and 0.2 mm in diameter. The nominal tensile strength of MS
fibres was 2600 MPa. The DS fibres were 18 mm in length and 0.55 mm in diameter,
with a nominal tensile strength of 800 MPa. The HS fibres were a combination of MS
fibres and DS fibres. The MS fibres were provided by Ganzhou Daye Metallic Fibres
Company (Ganzhou Region, China). The DS fibres were provided by Fibercon Company
(Newmarket, Queensland, Australia). Figure 4.1 shows the MS and DS fibres.
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(a)

(b)

Figure 4.1 Steel fibres: (a) MIS fibres and (b) DES fibres
4.3.2 Preparation of specimens
In the production of the alkali-activated slag-fly ash concrete, the component materials
(GGBS, FA, coarse aggregate, and sand) were initially mixed in a pan mixer without steel
fibres. The alkaline activators were prepared by combining Na2SiO3 and NaOH. High
range water reducers and water were then added to the dry mix. Afterward, the steel fibres
were added gradually in order to avoid fibre balling and to produce an alkali-activated
slag-fly ash concrete mix with reasonable workability. In this study, a total of three types
of steel fibres with different volume fraction were used. The first type included 1, 2, and
3% by volume of MS fibres. The second type included 1, 1.5 and 2% by volume of DS
fibres. The third type included 2% by volume of HS fibres, which was a combination of
0.5% MS+1.5% DS fibres, 1% MS+1% DS fibres, and 1.5% MS+0.5% DS fibres. The
weight of steel fibre with 2% by volume was equal to 7800 kg/m3 × 0.02= 156 kg/m3,
where 7800 kg/m3 is the density of steel fibres. Also, plain alkali-activated slag-fly ash
concrete without steel fibre was prepared as a control mix. The engineering properties
investigated in this study include workability, compressive strength, splitting tensile
strength, flexural strength, direct tensile strength and stress-strain response under
compressive axial load. The alkali-activated slag-fly ash concrete was cured under
ambient conditions. Table 4.2 shows the mix proportions of alkali-activated slag-fly ash
concrete adopted from a previous study by Hadi et al. (2017).
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Table 4.2 Mix proportions of ambient cured alkali-activated slag-fly ash concrete
Mix

Quantity

FA (kg/m3)

225

GGBS (kg/m3)

225

Al/Binder

0.35

Aggregate (kg/m3)

1164

Sand (kg/m3)

627

Na2SiO3/NaOH

2.5

Na2SiO3 (kg/m3)

112.5

NaOH (kg/m3)

45

NaOH (mole/L)

14

Superplasticizer (kg/m3)

22.5

Water (kg/m3)

45

Note: Al/Binder represents the ratio of alkaline activator to binder content
Ground granulated blast-furnace slag and fly ash were used as binders for alkali-activated
slag-fly ash concrete. A combination of sodium silicate (Na2SiO3) and sodium hydroxide
(NaOH) was used as alkaline activators. Crushed aggregate with a maximum size of 10
mm and river sand were used as coarse and fine aggregates, respectively. In this study,
polyvinyl chloride (PVC) cylindrical moulds of 100 mm × 200 mm were used for casting
the alkali-activated slag-fly ash concrete specimens to measure the compressive strength
according to AS 1012.9-1999 (AS 1999). In addition, polyvinyl chloride (PVC)
cylindrical moulds of 150 mm × 300 mm were used for casting the alkali-activated slagfly ash concrete specimens to measure the splitting tensile strength and stress-strain
response according to AS 1012.10-2000 (AS 2000a) and AS 1012.17 (AS 2014),
respectively. Plywood moulds of 100 mm × 100 mm × 500 mm were used for casting
alkali-activated slag-fly ash concrete specimens to measure the flexural strength and
direct tensile strength. All alkali-activated slag-fly ash concrete specimens were cast in
three layers and each layer was compacted for 10 seconds with an electric vibrator. After
casting, the alkali-activated slag-fly ash concrete specimens were kept under ambient
conditions at a temperature of 23 ± 3 °C and a relative humidity of 60 ± 10% for 24 hours.
fterward, the specimens were removed from the mould and left under ambient conditions
until the time of testing.
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4.3.3 Labelling of alkali-activated slag-fly ash concrete mixes
In this study, each alkali-activated slag-fly ash concrete mix was labelled with an acronym
(Table 4.3). The symbols REF, ACMS, ACDS and ACHS refer to plain alkali-activated
slag-fly ash concrete mix, alkali-activated slag-fly ash concrete mix with MS fibres,
alkali-activated slag-fly ash concrete mix with DS fibres and alkali-activated slag-fly ash
concrete mix with HS fibres, respectively. The numbers (1, 1.5, 2, and 3) afterward refer
to the percentages of steel fibres by volume used in the alkali-activated slag-fly ash
concrete mix. The ACHS mixes included 2% HS fibres by volume. The ACHS2a included
0.5% MS+1.5% DS fibres, ACHS2b included 1% MS+1% DS fibres and ACHS2c
included 1.5% MS+0.5% DS fibres.
Table 4.3 Test matrix
Alkali-activated concrete mix
REF

Type of steel fibre

Percentage by volume

Plain concrete

-

ACMS1
ACMS2

1%
Micro steel fibre (MS)

ACMS3
ACDS1
ACDS1.5

2%
3%

Deformed steel fibre
(DS)

1%
1.5%

ACDS2

2%

ACHS2a

2% (0.5% MS+1.5% DS)

ACHS2b

Hybrid steel fibre (HS)

ACHS2c

2% (1% MS+1% DS)
2% (1.5% MS+0.5% DS)

4.3.4 Test methods
Table 4.3 shows the test matrix for alkali-activated slag-fly ash concrete with and without
steel fibres. All the specimens were tested in the Structural Engineering Laboratories at
the University of Wollongong, Australia. For determining the consistency of the alkaliactivated slag-fly ash mixes, slump tests were performed according to AS 1012.3.1-1998
(AS 1998).
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The compressive strength tests of alkali-activated slag-fly ash concrete were conducted
according to AS 1012.9-1999 (AS 1999) at 7 and 28 days. A compression testing machine
with a capacity of 1800 kN was used to conduct the compressive strength tests. Before
testing, the cylinders were capped with a high strength plaster to ensure uniform loading
face. For each mix, three specimens were tested and the average compressive strengths
have been reported.
Splitting tensile strength tests were performed according to AS 1012.10-2000 (AS 2000a)
at 28 days. Two timber strips (5 mm thick × 25 mm wide × 400 mm long) were placed
between the loading plate and the cylinder surface. A compression testing machine with
a capacity of 1800 kN was used to conduct the splitting tensile tests. The specimens were
tested at a loading rate of 106 kN/ min until the specimen failed. For each mix, three
specimens were tested and the average splitting tensile strengths have been reported.
Flexural strength tests were performed under four-point bending according to AS
1012.11-2000 (AS 2000b) at 28 days. The prism specimens were tested under forcecontrolled load applications at 2 kN / sec until the prism specimen failed. For each mix,
three prism specimens were tested and the average flexural strengths are reported.
Different test methods were used in the literature to measure the direct tensile strength of
the concrete (Alhussainy et al. 2016). However, most of the test methods for direct tensile
testing of concrete are associated with major drawbacks including load eccentricity,
slippage and the fracture at the ends of the tested specimens. However, the test method
developed in Alhussainy et al. (2016) was successful in overcoming the major drawbacks
associated with the direct tensile testing of concrete. Hence, this test method was used to
test the direct tensile strength of alkali-activated slag-fly ash concrete. The test was
performed on alkali-activated slag-fly ash concrete prism specimens with a cross-section
of 100 mm × 100 mm and a length of 500 mm. A wooden box, as shown in Figure 4.2
was used as formwork for the specimens. To ensure failure in the middle of the specimen,
the cross-sectional area of the specimen was reduced by using two timber triangular
prisms with a height of 10 mm and a base of 20 mm. The triangular prisms were glued
inside the wooden formwork vertically at the middle of the specimens, as shown in Figure
4.2. In order to apply the direct tensile force on the alkali-activated slag-fly ash concrete
specimens, two steel gripping claws were embedded for 125 mm at both ends of the
specimen. The gripping claws were made from a 20 mm diameter threaded steel bar that
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had four steel pins with 30 mm length and 8 mm diameter. These pins were welded to the
threaded steel bar at 90 degrees with a spacing of 20 mm, as shown in Figure 4.2.

Figure 4.2 Formwork of direct tensile test specimens
To prevent any misalignment of the gripping claws and ensure the application of the axial
tensile loading during the testing, two universal joints were used. The universal joints
were also used to hold the ends of specimens by the testing machine. Figure 4.3 shows
the setup for direct tensile tests. All the specimens were tested using the 500 kN Universal
Instron testing machine (Instron Pty Ltd 2017). The specimens were tested up to failure
under a displacement controlled loading at 0.1 mm/min and the data were recorded at
every 2 seconds.
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Figure 4.3 Direct tensile testing setup
In order to investigate the stress-strain response of ambient cured alkali-activated slag-fly
ash concrete mixes, tests were carried out according to the AS 1012.17 (AS 2014). The
cylindrical specimens of 150 mm diameter and 300 mm height were tested in a 5000 kN
Denison compression testing machine. At the middle half of the specimens, a standard
compressometer with one linear variable differential transducer (LVDT) was used to
measure the axial deformation of the specimens, whereas the axial load was obtained
directly from the compression testing machine. The compression tests were performed
under displacement controlled loads at 0.3 mm/min. To record the axial load and
corresponding axial deformation, an electronic data acquisition system was used. Before
testing, the specimens of alkali-activated slag-fly ash concrete were capped with a high
strength plaster to ensure uniform loading faces. Figure 4.4 shows the test arrangements
for stress-strain response under compressive axial load.
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Figure 4.4 Test setup for stress-strain response

4.4 Results and discussion
Ten alkali-activated slag-fly ash concrete mixes were designed to study the influence of
different types of steel fibres on the engineering properties of ambient cured alkaliactivated slag-fly ash concrete. The test results of alkali-activated slag-fly ash concrete
mixes are reported in Table 4.4. The test results included the workability, compressive
strength, splitting tensile strength, flexural strength, direct tensile strength and stressstrain response of ambient cured alkali-activated slag-fly ash concrete.
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Table 4.4 Test results of ambient cured alkali-activated slag-fly ash concrete
Alkali-activated

Slump

concrete mix

(mm)

Compressive strength (MPa)
7 days

28 days

Splitting tensile

Flexural strength

Direct tensile

strength (MPa)

(MPa)

strength (MPa)

Average

S.D.

Average

S.D.

Average

S.D.

Average

S.D.

Average

S.D.

REF

118

40.1

1.11

44.1

1.12

3.5

0.20

4.4

0.26

2.4

0.15

ACMS1

105

41.7

1.12

46.5

1.20

3.9

0.26

4.6

0.17

2.6

0.14

ACMS2

85

44.1

1.06

47.9

1.20

5.3

0.22

5.4

0.13

2.9

0.16

ACMS3

76

40.7

0.79

45.6

0.93

4.8

0.15

5.0

0.32

2.8

0.10

ACDS1

102

40.8

1.07

44.3

0.86

4.4

0.16

4.7

0.18

2.6

0.14

ACDS1.5

95

41.6

0.90

44.8

1.56

4.5

0.25

4.9

0.25

2.7

0.12

ACDS2

82

42.7

1.50

45.9

0.80

5.5

0.24

6.1

0.15

2.9

0.14

ACHS2a

75

42.2

1.26

46.1

1.39

5.2

0.19

5.6

0.24

2.9

0.15

ACHS2b

80

45.0

1.02

48.9

1.47

6.3

0.17

6.7

0.21

3.3

0.15

ACHS2c

82

42.7

1.59

46.6

0.98

5.6

0.16

5.9

0.21

3.0

0.18

Note: S.D. represents standard deviation
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4.4.1 Workability
The slump test results are reported in Table 4.4. The addition of MS, DS, and HS fibres
in alkali-activated slag-fly ash concrete mixes reduced the workability. The reduction in
workability increased with the increase in the volume fraction of different types of steel
fibres in ambient cured alkali-activated slag-fly ash concrete. Figure 4.5 shows the
influences of different types of steel fibres on the workability of ambient cured alkaliactivated slag-fly ash concrete.
Based on the test results, it can be found that with the increase in the volume fraction of
MS fibres from 0 (REF) to 3% (ACMS3), the slump of the ambient cured alkali-activated
slag-fly ash concrete decreased by 35.6%. The slump for the ACMS3 mix was only 76
mm. The ACMS3 mix was found to be difficult to cast and also the vibration during
casting was not efficient. Therefore, some voids were observed when the specimens were
demoulded. However, no flash set occurred during casting. It can also be observed that
with the increase in the volume fraction of DS fibres from 0 (REF) to 2% (ACDS2), the
slump of the ambient cured alkali-activated slag-fly ash concrete decreased by 30.5%.
Finally, the addition of HS fibres exhibited a significant decrease in the slump of the
ambient cured alkali-activated slag-fly ash concrete. The reduction in the slump was more
for the ACHS2a mix, in which the reduction in the slump was 36.4% compared to the
REF mix. From Figure 4.5, it can be seen that the trend for the decrease in the slump with
an increase in the volume fraction of steel fibres was almost similar for all mixes. The
decrease in the slump of the mixes with high steel fibres content could be attributed to the
balling of steel fibres during the mixing process, which restrained the followability of the
mixes.
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Figure 4.5 Slump test results of alkali-activated slag-fly ash concrete mixes
4.4.2 Compressive Strength
The compressive strength of various mixes tested at 7 and 28 days are shown in Table
4.4. The compressive strength of ambient cured alkali-activated slag-fly ash concrete
mixes was not significantly influenced by the addition of steel fibres, similar to the
observations reported for OPC concrete (Bhargava et al. 2006; Ou et al. 2011). Figure 4.6
illustrates that the effect of the addition of different types of steel fibres on the
compressive strength. The average compressive strength of the alkali-activated slag-fly
ash concrete with steel fibres was slightly higher than the average compressive strength
of alkali-activated slag-fly ash concrete without steel fibres. The alkali-activated slag-fly
ash concrete without steel fibre (REF) achieved the average compressive strength of 40.1
MPa and 44.1 MPa on 7 days and 28 days, respectively.
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Figure 4.6 Average compressive strength of ambient cured alkali-activated slag-fly ash
concrete mixes: (a) ACMS; (b) ACDS; and (c) ACHS
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It can be seen that with the increase in the volume fraction of MS and DS fibres from 0
to 2%, the compressive strength of ambient cured alkali-activated slag-fly ash concrete
increased by 8.6% for the ACMS2 mix and 4.1% for the ACDS2 mix compared to the
reference alkali-activated slag-fly ash concrete mix (REF). This increase could be
attributed to the good distribution of steel fibres in alkali-activated slag-fly ash concrete
mix, which led to an increase in the bonding between the steel fibres and the alkaliactivated slag-fly ash concrete mix and subsequently increased the compressive strength
of alkali-activated slag-fly ash concrete. However, the compressive strength of alkaliactivated slag-fly ash concrete decreased by 4.8% with the increase in the volume fraction
of MS fibre from 2% (ACMS2) to 3% (ACMS3). The reduction in compressive strength
was because of the reduction in the workability of the alkali-activated slag-fly ash
concrete mix because steel fibres created internal voids in the alkali-activated slag-fly ash
concrete. The internal voids were created due to insufficient vibration during casting.
These voids reduced the density of the alkali-activated slag-fly ash concrete, which
resulted in a significant decrease in the compressive strength of the alkali-activated slagfly ash concrete. The optimum content of steel fibre that provided the maximum
compressive strength was 2% for MS fibres and 2% for DS fibres.
Finally, the addition of HS fibres resulted in an increase in the compressive strength of
ambient cured alkali-activated slag-fly ash concrete compared to the reference mix (REF).
The improvement in the compressive strength of ACHS mix ranged from 4.5 to 10.8%.
The highest compressive strength was achieved for the ACHS2b mix. The compressive
strength of the ACHS2b mix was 10.8% higher than the compressive strength of the REF
mix. The increase in the compressive strength was most likely because HS fibres with
different sizes and shapes offered a combination of different restraint conditions. The
micro steel fibres (MS) arrested micro cracks and prevented the expansion of cracks. The
DS fibres arrested macro cracks and substantially improved the compressive strength of
alkali-activated slag-fly ash concrete (Chen and Liu 2004).
4.4.3 Splitting tensile strength
The splitting tensile strengths of the ambient cured alkali-activated slag-fly ash concrete
mixes at 28 days are shown in Table 4.4. The experimental results demonstrated that the
addition of steel fibres significantly influenced the splitting tensile strength of alkaliactivated slag-fly ash concrete, similar to the observation reported for OPC concrete
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(Song and Hwang 2004; Yusof et al. 2011). Figure 4.7 shows the effect of the volume
fraction of different types of steel fibres on the splitting tensile strength. It can be observed
that the splitting tensile strengths of alkali-activated slag-fly ash concrete containing steel
fibres were higher than that of alkali-activated slag-fly ash concrete without steel fibres.
The average splitting tensile strength of the REF mix was 3.50 MPa.

Splitting tensile strength (MPa)
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Figure 4.7 Average 28-days splitting tensile strength of ambient cured alkali-activated
slag-fly ash concrete mixes (REF, ACMS, ACDS, and ACHS)
It can be seen that with the increase in the volume fraction of MS and DS fibres from 0
(REF) to 2%, the splitting tensile strength of alkali-activated slag-fly ash concrete
increased by 51.4% for the ACMS2 mix and 57.1% for ACDS2 mix. The increase in
splitting tensile strength of alkali-activated slag-fly ash concrete can be attributed to the
randomly oriented and the good distribution of steel fibres. Also, an increase in the bond
strength between alkali-activated slag-fly ash concrete and steel fibre was achieved,
which increased the splitting tensile strength of alkali-activated slag-fly ash concrete.
However, increasing the volume fraction of MS fibre from 2 to 3% led to a decrease in
the splitting tensile strength of alkali-activated slag-fly ash concrete by 9.2%. The
decrease in the splitting tensile strength with the increase in the volume fraction of MS
fibres from 2 to 3% was because the increase in the steel fibre increased voids in the
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alkali-activated slag-fly ash concrete. Consequently, the splitting tensile strength of
alkali-activated slag-fly ash concrete decreased. The optimum volume fraction of steel
fibres that provided the maximum splitting tensile strength was 2% for MS and 2% for
DS fibres.
Finally, the addition of 2% HS fibre by volume increased the splitting tensile strength.
The increase in the splitting tensile strength ranged between 48.6 and 80% compared to
the reference alkali-activated slag-fly ash mix (REF). The highest splitting tensile strength
of alkali-activated slag-fly ash concrete was achieved for the ACHS2b mix. The splitting
tensile strength of the ACHS2b mix was 80% higher than the splitting tensile strength of
REF mix.
4.4.4 Flexural strength
The flexural strengths of ambient cured alkali-activated slag-fly ash concrete at 28 days
are shown in Table 4.4. The average flexural strength of ambient cured alkali-activated
slag-fly ash concrete without steel fibres was 4.4 MPa. The experimental results
illustrated that the addition of steel fibres significantly influenced the flexural strength of
alkali-activated slag-fly ash concrete, similar to the observation reported for OPC
concrete (Park et al. 2012; Kim et al. 2011; Yusof et al. 2011). Figure 4.8 shows the effect
of the volume fraction of different types of steel fibres on the flexural strength of ambient
cured alkali-activated slag-fly ash concrete. It can be observed that a significant increase
in the flexural strength of alkali-activated slag-fly ash concrete was obtained by the
addition of steel fibres. It can be observed that for the increase in the volume fraction of
MS and DS fibre from 0 (REF) to 2%, the flexural strength of alkali-activated slag-fly
ash concrete increased by 22.7% for the ACMS2 mix and 38.6% for the ACDS2 mix. The
increase in the flexural strength was attributed to the randomly oriented steel fibres
crossing the cracked section, which resisted the propagation of micro and macro cracks.
The arrest in the propagation of cracks increased the load-carrying capacity (Faisal and
Ashour 1992). However, with the increase in the volume fraction of MS fibres from 2 to
3%, the flexural strength decreased by 9.4%. The reason for the decrease in the flexural
strength could be because the high volume fraction of steel fibres reduced the workability
of the alkali-activated slag-fly ash concrete mix, which resulted in the nonhomogeneous
distribution of steel fibres crossing the cracked section. The optimum volume fraction of
steel fibres for maximum flexural strength was 2% for MS and 2% for DS fibres.
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Figure 4.8 Average 28-day flexural strength of ambient cured alkali-activated slag-fly
ash concrete mixes (REF, ACMS, ACDS, and ACHS)
Finally, the addition of 2% HS fibres by volume increased the flexural strength compared
to the reference alkali-activated slag-fly ash concrete mix (REF). The improvement in the
flexural strength of HS fibres reinforced alkali-activated slag-fly ash concrete ranged
from 27.3 to 52.3% compared to REF alkali-activated slag-fly ash concrete mix. The
highest flexural strength of alkali-activated slag-fly ash concrete was obtained for the
ACHS2b mix. The flexural strength of the ACHS2b mix was 52.3% higher than the
flexural strength of the REF mix. This is because HS fibres with different sizes and shapes
offered a combination of different restraint conditions. After the test, a number of steel
fibres crossing the cracked section were observed. The MIS fibres substantially
influenced the bridging of micro cracks, whereas the DES fibres significantly influenced
the bridging of macro cracks. Hence, greater efficiencies in delaying the growth of micro
and macro cracks were achieved, which improved the flexural strength. Similar
observations were reported in Sivakumar and Santhanam (2007) for high strength
concrete reinforced with hybrid fibres.
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4.4.5 Direct tensile test
Figure 4.9 shows the typical failure mode of ambient cured alkali-activated slag-fly ash
concrete specimens with different types of steel fibres under direct tensile load. The
failure of the reference plain alkali-activated slag-fly ash concrete mix (REF) occurred in
a brittle manner with a complete fracture of the concrete specimens in the middle without
prior signs of failure. On the other hand, the failure of all the specimens reinforced with
2% steel fibres (MS, DS and HS) by volume started with formation of cracks in the middle
of the specimens. The presence of the steel fibres effectively prevented the sudden failure
of alkali-activated slag-fly ash concrete specimens. As expected, the failures occurred in
the middle of all the specimens because the cross section of the specimens was reduced
by 20%. For all specimens tested under direct tensile load, no claw slippage was observed
and no cracking occurred at the end of the specimens. This indicates that proper alignment
was achieved during testing.

Figure 4.9 Typical failure mode of ambient cured alkali-activated slag-fly ash concrete
mixes under direct tension (REF, ACMS, ACDS, and ACHS)
The direct tensile strength was calculated as the maximum tensile load divided by the
reduced cross-sectional area of the specimens (100 mm × 80 mm). Figure 4.10 shows the
effect of the volume fraction of different types of steel fibres on the direct tensile strength
of alkali-activated slag-fly ash concrete mix. It can be observed in Figure 4.10 that the
direct tensile strength is significantly increased by the addition of steel fibres compared
to the direct tensile strength of plain alkali-activated slag-fly ash concrete mix (REF). It
can be observed in Table 4.4 that the addition of 1, 2 and 3% MS fibres by volume
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increased the direct tensile strength by about 8.3, 20.8 and 16.6%, respectively, compared
to the REF mix. The addition of 1, 1.5 and 2% DS fibres by volume increased the direct
tensile strength by 8.3, 12.5 and 20.8%, respectively, compared to the REF mix. The
addition of 2% HS fibres by volume significantly increased the direct tensile strength.
The increase in the direct tensile strength ranged between 20.8 and 37.5% compared to
the REF mix. The addition of 2% HS (1% MS and 1% DS) fibre by volume achieved the
highest increase in the direct tensile strength. The increase in the direct tensile strength
was about 37.5% compared to the REF mix. This is because the high volume fraction of
steel fibres with different sizes and shapes increased the availability of fibres crossing the
cracked section. Hence, greater efficiency in delaying the growth of micro and macro
cracks and improvement in the direct tensile strength was achieved.

Direct tensile strength (MPa)

4

3

2

1

0
REF

ACMS1 ACMS2 ACMS3 ACDS1 ACDS1.5 ACDS2 ACHS2a ACHS2b ACHS2c

Mix label
Figure 4.10 Average 28-day direct tensile strength of ambient cured alkali-activated
slag-fly ash concrete mixes (REF, ACMS, ACDS, and ACHS)
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4.4.6 Stress-strain response under compressive axial load
The stress-strain response of ambient cured alkali-activated slag-fly ash concrete was
determined by testing cylinder specimens with 150 mm in diameter and 300 mm in height.
The stress-strain response of the cylinder specimens was evaluated at 28 days. The stressstrain curves of the specimens are shown in Figure 4.11. It can be observed from Figure
4.11 that the stress-strain response in both the ascending and descending branches of the
curves was influenced by the addition of steel fibres. However, the most significant effect
was noticed in the descending branch of the stress-strain curve. When the ascending
branch of the stress-strain curves was almost linear until the peak axial load, the slope of
the post-peak descending branch decreased significantly with the increase in the volume
fraction of steel fibres. The addition of steel fibres to alkali-activated slag-fly ash concrete
increased the peak stress and the strain corresponding to the peak stress. The increase in
peak strain corresponding to the peak stress was more for mixes with higher volume
fractions of steel fibres.
For the increase in the volume fraction of MS and DS fibres from 0 (REF) to 2%, the
peak stress increased by 11.1% for the addition of 2% MS fibres by volume (ACMS2)
and 5.9% for the addition of 2% DS fibres by volume (ACDS2) (Figure 4.11). However,
increasing the MS fibre content from 2 to 3% by volume led to a reduction in the peak
stress. This may be due to the high-volume fraction of steel fibres that led to a reduction
in the workability of the alkali-activated slag-fly ash concrete mix and resulted in a nonuniform distribution of the MS fibres during the mixing process. In addition, the highvolume fraction of steel fibres created voids in alkali-activated slag-fly ash concrete
mixes. The peak stress, strain corresponding to the peak stress and modulus of elasticity
of the specimens are reported in Table 4.5. It was observed that with the increase in the
volume fraction of MS fibres from 0 (REF) to 3% (ACMS3), the strain corresponding to
the peak stress increased by 57.1% (Table 4.5). It was also observed that with the increase
of DS fibre content from 0 (REF) to 2% (ACDS2), the strain corresponding to the peak
stress in the alkali-activated slag-fly ash concrete increased by 42.8% (Table 4.5). For HS
fibres, the addition of 2% HS fibres by volume showed a significant influence on the
stress-strain response compared to the reference mix (REF). The peak stress for alkaliactivated slag-fly ash concrete with 2% HS fibres was higher than the peak stress of the
reference mix (REF).
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Figure 4.11 Typical stress-strain response of ambient cured alkali-activated slag-fly ash
concrete under axial compression: (a) ACMS; (b) ACDS; and (c) ACHS
116

The strain corresponding to the peak stress of alkali-activated slag-fly ash concrete was
increased by 32.1, 46.4, and 35.7% for ACHS2a, ACHS2b, and ACHS2c, respectively
compared to the reference mix (REF) (Table 4.5). It can also be observed that slopes of
the descending branches (softening response) of the stress-strain curve for alkali-activated
slag-fly ash concrete with HS fibres were very similar. The slope of the descending
branches of the stress-strain response of the alkali-activated slag-fly ash concrete with HS
fibres was significantly less steep than the slope of the reference mix (REF). This is
because of the high volume fraction of HS fibres in the alkali-activated slag-fly ash
concrete mix. The presence of steel fibres in different mixed sizes and shapes improved
the post-peak stress by bridging the small cracks at an early stage. At the beginning of
macro cracking, the opening and growth of cracks were controlled by the bridging action
of fibres. This mechanism increased the demand of energy for the cracks to
propagate. Therefore, improvement was achieved in the post-peak response of alkaliactivated slag-fly ash concrete with HS fibres.
Table 4.5 Axial stress-axial strain response of ambient cured alkali-activated slag-fly
ash concrete under axial compression

a

Alkali-activated
concrete mix

f'cf a

ε'cf b

Toughness

Toughness
relative to the
REF

Modulus of
elasticity
(GPa)

REF

42.4

0.0028

0.10

1

22.6

ACMS1

45.1

0.0033

0.36

3.6

24.7

ACMS2

47.1

0.0037

0.42

4.2

24.9

ACMS3

44.3

0.0044

0.48

4.8

23.9

ACDS1

42.5

0.0036

0.36

3.6

22.7

ACDS1.5

42.6

0.0039

0.42

4.2

22.8

ACDS2

44.9

0.0040

0.46

4.6

23.0

ACHS2a

45.7

0.0037

0.44

4.4

24.1

ACHS2b

48.0

0.0041

0.50

5.0

25.7

ACHS2c

44.9

0.0038

0.50

5.0

23.7

Average peak compressive stress in MPa

b

Average strain corresponding to average peak stress
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The area under the stress-strain curve represents the toughness of the material. Figure
4.11 shows that the area under the stress-strain curve increased with the increase in the
volume fraction of steel fibres, which indicated an increase in the toughness. The average
toughness of the alkali-activated slag-fly ash concrete mixes was calculated and is shown
in Table 4.5. The limiting strain for the toughness was considered 0.015, which is five
times the ultimate concrete strain of 0.003 as specified in ACI 318-11 (ACI 2011) for
conventional concrete. The toughness of different alkali-activated slag-fly ash concrete
mixes was evaluated and the results are presented in Table 4.5. It can be seen from Table
4.5 that the increase in the volume fraction of steel fibres led to a significant increase in
the toughness of the alkali-activated slag-fly ash concrete, similar to the observation
reported for OPC concrete (Banthia and Sappakittipakorn 2007; Yao et al. 2003). The
highest improvement of the toughness of the alkali-activated slag-fly ash concrete was
achieved for mixes ACHS2b and ACHS2c. The toughness of mixes ACHS2b and
ACHS2c was approximately 400% higher than that of REF. This may be because concrete
with different types and shapes of steel fibre provided a combined effect to the ability of
fibres in arresting cracks at both the micro and macro levels. Consequently, the toughness
of alkali-activated slag-fly ash concrete increased.
4.5 Conclusions
This study evaluated the engineering properties of ambient cured alkali-activated slag-fly
ash concrete mixes with different types of steel fibres i.e., micro steel fibres (MS),
deformed macro steel fibres (DS) and the combination of micro and deformed steel fibres,
termed as hybrid steel fibres (HS). The engineering properties of ambient cured alkaliactivated slag-fly ash concrete mixes were assessed in terms of slump, compressive
strength, splitting tensile strength, flexural strength, and direct tensile strength. The stressstrain response of ambient cured alkali-activated slag-fly ash concrete mixes with MS,
DS and HS fibres was also investigated. The following conclusions are drawn from the
test results presented in this study:
1. The addition of up to 2% MS, DS, and HS fibres by volume in ambient cured alkaliactivated slag-fly ash concrete mixes did not significantly affect the workability of alkaliactivated slag-fly ash concrete mixes. However, the addition of 3% MS fibres by volume
affected the workability of alkali-activated slag-fly ash concrete and led to less workable
concrete.
118

2. The addition of 2% steel fibres (MS, DS and HS) by volume increased the compressive
strength of ambient cured alkali-activated slag-fly ash concrete mixes. The highest
compressive strength of alkali-activated slag-fly ash concrete was obtained for the
addition of 2% HS (1% MS and 1% DS) fibre by volume in the alkali-activated slag-fly
ash concrete mixes. The increase in the compressive strength was about 10.8% compared
to the reference alkali-activated slag-fly ash concrete mix (REF) without any fibres.
3. The splitting tensile strength and flexural strength of ambient cured alkali-activated
slag-fly ash concrete mix significantly improved by the addition of MS, DS, and HS
fibres. The addition of 2% HS (1% MS and 1% DS) fibre by volume achieved the highest
splitting tensile strength and flexural strength. The increases in the splitting tensile
strength and flexural strength were about 80 and 52.3% respectively, compared to the
reference alkali-activated slag-fly ash mix (REF) without steel fibres.
4. The direct tensile strength of ambient cured alkali-activated slag-fly ash concrete
increased with the increase in the addition of the volume fraction of steel fibres. The
addition of 2% HS (1% MS and 1% DS) fibre by volume achieved the highest increase
in the direct tensile strength. The increase in the direct tensile strength was about 37.5%
compared to the reference alkali-activated slag-fly ash concrete mix (REF).
5. The addition of steel fibres into the ambient cured alkali-activated slag-fly ash concrete
mixes changed the basic characteristics of the stress-strain response under axial
compression. The ascending branch of the stress-strain curve was slightly influenced, but
the descending branch (softening response) of the stress-strain curve was significantly
influenced by the addition of steel fibres. The slope of the descending branch decreased
significantly with the addition of steel fibres compared to the reference alkali-activated
slag-fly ash concrete mix (REF).
6. The toughness of alkali-activated slag-fly ash concrete mixes increased with the
increase in the volume fraction of steel fibres in the alkali-activated slag-fly ash concrete.
The highest toughness was obtained by the addition of 2% HS (either 1% MS and 1% DS
or 1.5% MS and 0.5% DS) fibre by volume in the alkali-activated slag-fly ash concrete
mixes. The additions of 2% HS (either 1% MS and 1% DS or 1.5% MS and 0.5% DS)
fibre by volume achieved an increase in the toughness by 400% compared to the reference
mix (REF).
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Finally, the test results indicated that the addition of steel fibre improved the engineering
properties of the ambient cured alkali-activated slag-fly ash concrete mix. The highest
improvement in the mechanical properties of the alkali-activated slag-fly ash concrete
mix was achieved by the addition of 2% MS, 2% DS and 2% HS fibres by volume. The
HS fibre reinforced alkali-activated slag-fly ash concrete mix with 1% MS and 1% DS
fibres by volume achieved the optimum improvement in mechanical properties compared
to the alkali-activated slag-fly ash concrete mix reinforced with other types of steel fibres.
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Preamble
Incorporating of steel fibres into geopolymer concrete is a very efficient method for
improving the engineering properties of geopolymer concrete and avoiding sudden failure
by controlling the propagation of cracks under different loading conditions. The
experimental studies reported in Chapter four showed significant improvements in the
mechanical properties of geopolymer concrete when all three types of steel fibres were
added. Moreover, the stress-strain response of geopolymer concrete mixes changed from
brittle to ductile by the addition of steel fibres. The effect of aspect ratio and volume
fraction of steel fibres on the engineering properties of ambient cured geopolymer
concrete had not yet been examined.
The tensile strength of geopolymer concrete have been extensively evaluated using the
splitting test over past few years. None of the available studies investigated tensile
strength using direct tensile strength and double punch tensile strength of ambient cured
geopolymer concrete with different types of steel fibres. To this end, double punch tensile
strength and direct tensile strength have been used to investigate the viability of double
punch test and direct tensile test to reliably evaluate the tensile strength of ambient cured
geopolymer concrete.
The experimental work outlined in this chapter focused on how the aspect ratio (same
diameter with different lengths) and the volume fractions of steel fibres affected the
engineering properties of ambient cured geopolymer concrete. The engineering properties
investigated include workability, compressive strength, indirect tensile strength, direct
tensile strength, double punch tensile strength, flexural strength, stress-strain behaviour
and the modulus of elasticity. Two types of steel fibres, i.e., straight macro steel fibres
with an aspect ratio of 65 and straight micro steel fibres with an aspect ratio of 30 were
added to the geopolymer concrete mixes. Details of the main experimental program and
the test results are discussed in the following sections.
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5.1 Abstract
The effects of aspect ratio and volume fraction of steel fibres on the engineering
properties of ambient cured geopolymer concrete were investigated. Two types of steel
fibres, i.e., straight macro steel fibres with an aspect ratio of 65 and straight micro steel
fibres with an aspect ratio of 30 were added into the geopolymer concrete mixes. The test
results showed that the engineering properties of geopolymer concrete significantly
improved with the addition of 2% by volume of macro steel fibres and 2% by volume of
micro steel fibres. It was observed that the compressive strength of geopolymer concrete
increased significantly with the addition of low aspect ratio steel fibres (micro steel fibres)
and the indirect tensile strength, flexural strength, direct tensile strength and double punch
tensile strength of geopolymer concrete increased significantly with the addition of high
aspect ratio steel fibres (macro steel fibres).
5.2 Introduction
Geopolymer concrete (GPC) is a recent development in concrete technology. The GPC
possesses excellent mechanical strength, high early strength, high fire resistance, and
long-term durability against chemical attack (Rashad 2013; Ranjbar et al. 2014;
Komnitsas and Zaharaki 2007; Bakharev 2005). The GPC is green concrete without
cement. The GPC can be formed by the reaction of aluminosilicate materials with an
alkaline solution. Ground granulated blast furnace slag (GGBS), fly ash (FA), and silica
fume (SF) are the commonly used aluminosilicate materials in the production of
geopolymer concrete. The most common alkaline solution is a combination of sodium
hydroxide and sodium silicate. However, potassium hydroxide and potassium silicate can
also be used.
The GPC can play an important role in the context of sustainability and can provide a
promising solution for the environmental problems related to the production of Ordinary
Portland cement (OPC). It has been reported that globally the production of cement causes
about 5-7% of the total greenhouse gas emission into the atmosphere (McLellan et al.
2011). The use of GPC can reduce 26-45% greenhouse gas emissions into the atmosphere
compared to the use of OPC concrete (McLellan et al. 2011; Habert et al. 2011).
Despite having excellent mechanical properties together with low greenhouse gas
emissions into the atmosphere, the GPC is a brittle construction material (Bhutta et al.
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2017; Natali et al. 2011). The inclusion of steel fibres into GPC mixes might enhance the
tensile strength and the ductility of GPC (Ng et al. 2013). The inclusion of steel fibre in
the concrete plays a key role in decreasing the crack initiation and enhancing the
mechanical properties of the concrete under different loading conditions (Shafigh et al.
2011). Steel fibres are produced in different geometrical shapes and sizes including
straight micro steel fibre, straight macro steel fibre, crimped steel fibre, deformed steel
fibre and hooked-end steel fibre. Several research studies investigated the behaviour of
steel fibre reinforced OPC concrete. It was observed that the addition of steel fibres
slightly improved the compressive strength and considerably increased the tensile
strength, flexural strength and toughness of OPC concrete (Hoseini et al. 2009; İnan and
Tabak 2007; Song and Hwang 2004). The improvement of the engineering properties of
concrete depends on many factors including the size, aspect ratio (length to diameter
ratio), and volume fraction of steel fibres (Khaloo and Kim 1997).
İnan and Tabak (2007) investigated the effects of the aspect ratio (45, 65 and 80) and
volume fractions (0.5%-1.5%) of steel fibre on the mechanical properties of steel fibre
reinforced OPC concrete. It was found that the addition of steel fibres significantly
increased the compressive strength, splitting tensile strength and flexural strength of steel
fibre reinforced OPC concrete. The compressive strength, splitting tensile strength and
flexural strength of steel fibre reinforced OPC concrete significantly increased with the
increase of the aspect ratio and volume fraction of steel fibre. Song and Hwang (2004)
investigated the effect of the addition of various volume fractions (1%-2%) of steel fibre
with an aspect ratio of 64 on the mechanical properties of OPC concrete. It was reported
that the addition 1.5% by volume of steel fibre achieved the maximum compressive
strength of steel fibre reinforced OPC concrete. The splitting tensile strength and flexural
strength of the steel fibre reinforced concrete significantly improved when 2% steel fibre
by volume was added to the OPC concrete mix. Ma et al. (2013) reported that the
mechanical properties of steel fibre reinforced concrete significantly improved when the
addition of steel fibre increased from 0 to 2% by volume. Hoang and Fehling (2017)
examined the effect of volume fractions (1.5% and 3%) and aspect ratios (60, 74 and 80)
of steel fibres on the compressive strength and uniaxial tensile strength of steel fibre
reinforced concrete. Although insignificant increases in the compressive strength and the
modulus of elasticity of the OPC concrete with the addition of steel fibres were reported,
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the post-peak behaviour under compression was significantly influenced by the volume
fractions and aspect ratio of steel fibre.
A detailed literature review found that only a few studies investigated the inclusion of
steel fibres in GPC. Ganesan et al. (2013) investigated the effect of the addition of various
volume fractions (0.25%-1%) of steel fibres with an aspect ratio of 66 on the mechanical
properties of GPC. It was found that the compressive strength of GPC improved
significantly when 1% of steel fibre by volume was added into the GPC mix. The use of
different types of steel fibres with various volume fractions (0.5%-1.5%) and various
aspect ratios (63.6 and 65) in GPC considerably improved the load carrying capacity,
cracking strength, crack width and rate of crack growth in fibre reinforced GPC (Ng et al.
2013). Shaikh (2013) reported that the flexural toughness and ductility of GPC
significantly improved when 2% steel fibres by volume were added into the GPC mix.
Incorporation of various volume fractions (0.5%-4%) of steel fibres with an aspect ratio
of 110 into GPC significantly enhanced the flexural strength and toughness without
having a negative influence on the ultimate compressive strength of GPC (Ranjbar et al.
2016). The addition of high aspect ratio steel fibres in GPC mixes is limited due to the
reduction in the workability of the mixes. It is noted that the addition of low aspect ratio
steel fibre may be an effective way to improve the mechanical properties of steel fibres
reinforced GPC (Ranjbar et al. 2016).
In this study, the effect of aspect ratio and volume fraction of steel fibres on the
engineering properties of ambient cured GPC are investigated. The engineering properties
investigated include workability, compressive strength, indirect tensile strength, direct
tensile strength, double punch tensile strength, flexural strength, stress-strain behaviour
and modulus of elasticity. The design compressive strength of geopolymer concrete was
chosen to be 44 MPa.
5.3 Research significance
The objective of this study is to investigate the effect of aspect ratio (same diameter with
different lengths) and volume fractions (1%, 2% and 3% by volume) of steel fibres on the
engineering properties of ambient cured GPC. For this purpose, two types of steel fibres,
i.e., straight macro steel fibres with an aspect ratio of 65 and straight micro steel fibres
with an aspect ratio of 30 were added into the geopolymer concrete mixes. This study
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shows that inclusion of steel fibres into GPC mixes significantly improved the
engineering properties of GPC without heat curing, which makes GPC potentially valid
for in situ (cast-in-place) applications. These findings will be valuable for further research
of this sustainable GPC composite, and its suitability as a structural element.
5.4 Experimental program
5.4.1 Materials
Ground granulated blast-furnace slag (GGBS) and Type F fly ash (FA) were used as
aluminosilicate source materials to prepare the GPC mixes. The chemical analysis of
GGBS and FA used in this study was conducted at the School of Earth and Environmental
Sciences at the University of Wollongong, Australia. The chemical compositions of the
GGBS and FA are reported in Table 5.1.
Table 5.1 Chemical composition of FA and GGBS
Composition (mass)

Mass content (%)
FA

GGBS

Al2O3

27.5

14.96

SiO2

62.2

32.4

Fe2O3

3.92

0.83

CaO

2.27

40.70

MgO

1.05

5.99

K2 O

1.24

0.29

Na2O

0.52

0.42

TiO2

0.16

0.84

P2O5

0.30

0.38

Mn2O3

0.09

0.40

SO3

0.08

2.74

Loss on ignition

0.89

NA

132

The alkaline activator used in the production of GPC was prepared by blending sodium
hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions. The sodium hydroxide used
in this study was in a solid pellet form and was dissolved in potable water to prepare 14
mole/ litre sodium hydroxide solution (NaOH). Grade D sodium silicate (Na2SiO3)
solution with a modulus ratio (Ms) of 2 (Ms = SiO2/Na2O; SiO2 = 29.4% and Na2O =
14.7%) was used. Crushed aggregate (maximum particle size of 10 mm) and locally
available river sand were used as coarse and fine aggregates, respectively. To improve
the workability of GPC mixes, a high range water reducer (Glenium 8700) supplied by
BASF, Australia (BASF 2018) was used during the mixing process.
In this study, two types of steel fibres were used. The straight macro steel (MAS) fibres
were 13 mm in length and 0.2 mm in diameter with a nominal tensile strength of 2600
MPa. The aspect ratio of straight MAS fibre was 65. The straight micro steel (MIS) fibres
were 6 mm in length and 0.2 mm in diameter with a nominal tensile strength of 2600
MPa. The aspect ratio of straight MIS fibre was 30. The straight MAS fibres and straight
MIS fibres were provided by Guangzhou Daye Metallic Fibres Company, China
(Ganzhou 2018).
5.4.2 Preparation of specimens
Seven GPC mixes were used to evaluate the effect of the aspect ratio and volume fraction
of steel fibres on the engineering properties of GPC. Table 5.2 shows the mix proportions
of GPC adopted from a previous study by the authors (Hadi et al. 2017). The GPC mixes
were prepared by using an electrical pan mixer in the High Bay Laboratories at the
University of Wollongong, Australia. To produce plain GPC mixes, the dry materials
including coarse aggregates, fine aggregates and binder (GGBS+FA) were mixed for
about four minutes. Afterwards, alkaline activator (combining Na2SiO3 and NaOH),
superplasticizer and water were slowly added into the dry mix. For steel fibre reinforced
GPC mixes, the steel fibres were added gradually to the fresh GPC mixes to avoid fibre
balling and to produce GPC mixes with reasonable workability. The mixing of GPC with
steel fibres continued for another three minutes to ensure a uniform distribution of the
steel fibres in GPC mixes. In this study, two types of steel fibres (MAS and MIS fibres)
with different volume fractions (1%, 2% and 3%) were used. The GPC mixes were then
poured into Polyvinyl chloride (PVC) and plywood moulds prepared for the GPC
specimens. In this study, PVC cylindrical moulds of 100 mm diameter and 200 mm height
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were used for casting the GPC specimens to measure the compressive strength. The PVC
cylindrical moulds of 150 mm diameter and 300 mm height were used for casting the
GPC specimens to measure the indirect tensile strength and stress-strain behaviour. The
PVC cylindrical moulds of 150 mm diameter and 150 mm height were used for casting
the GPC specimens to measure the double punch tensile strength. Plywood moulds with
a cross-section of 100 mm × 100 mm and a length of 500 mm were used for casting the
GPC specimens to measure the flexural strength and direct tensile strength.
Table 5.2 Mix proportion of ambient cured GPC mixes
Mix

Quantity

FA (kg/m3)

225

GGBS (kg/m3)

225

Alkaline activator/ Binder

0.35

Sand (kg/m3)

627

Aggregate (kg/m3)

1164

Na2SiO3 (kg/m3)

112.5

NaOH (kg/m3)

45

Na2SiO3/NaOH

2.5

NaOH (moles/liter)

14

Water (kg/m3)

45

Superplasticizer (kg/m3)

22.5

All GPC specimens were cast in three stages and each stage was vibrated for about 10
seconds using an electric vibrator. After casting, the GPC specimens were kept in the
moulds under ambient conditions for 24 hours. Afterwards, the GPC specimens were
removed from the moulds and left under ambient conditions until the time of testing.
5.4.3 Test methods
The test matrix for ambient cured GPC mixes with and without steel fibres are shown in
Table 5.3. For each mix, three specimens were tested and the average results are reported.
All the specimens were tested in the High Bay Laboratories at University of Wollongong,
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Australia. To investigate the influence of the inclusion of steel fibres on the workability
of GPC mixes, slump tests were carried out according to AS 1012.3.1-1998 (AS 1998).
The compressive strength tests of ambient cured GPC at 7 and 28 days were carried out
according to AS 1012.9-1999 (AS 1999). An Avery compression testing machine of 1800
kN capacity was used to conduct the compressive strength tests. Indirect tensile strength
tests of ambient cured GPC at 28 days were carried out according to AS 1012.10-2000
(AS 2000a).
Table 5.3 Test matrix
Mix

Type of steel fibre

Percentage by volume

REF

Plain concrete

0

MAS1
MAS2

1%
Macro steel (MAS) fibres

2%

MAS3

3%

MIS1

1%

MIS2

Micro steel (MIS) fibres

MIS3

2%
3%

The Avery compression testing machine of 1800 kN capacity was used to conduct the
indirect tensile strength tests at a loading rate of 106 kN/min until the failure of the
specimen. The flexural strength tests of ambient cured GPC at 28 days were carried out
according to AS 1012.11-2000 (AS 2000b). An Avery 500 kN testing machine was used
to conduct the flexural strength tests at a loading rate of 2 kN/sec. The direct tensile
strength tests of ambient cured GPC at 28 days were carried out according to the test setup
proposed by Alhussainy et al. (2016). The direct tensile tests were carried out with a 500
kN Universal Instron testing machine at 0.1 mm/min. To ensure that the failure of GPC
specimens occurred in the middle, the cross-sectional area in the middle was reduced by
20% using two wooden triangular prisms. The direct tensile strength was calculated as
the maximum tensile load divided by the reduced sectional area of the specimens (100
mm × 80 mm), as shown in Figure 5.1. Figure 5.2 shows the test setup for the direct
tensile strength tests.
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Figure 5.1 Dimension of specimens tested for the direct tensile strength

136

Geopolymer
concrete specimen
Strain gauge

Figure 5.2 Test setup for direct tensile test
The double punch tensile strength tests of ambient cured GPC at 28 days were carried out
according to the test procedure reported in Goaiz et al. (2018). Two cylindrical steel
punches were used to transfer the axial compressive load from the testing machine to the
GPC specimen, as shown in Figure 5.3. The cylindrical steel punches were 37.5 mm in
diameter and 25 mm in height. The Avery compression testing machine of 1800 kN
capacity was used to conduct the double punch tensile strength tests at the loading rate of
104 MPa/min until the failure of the specimen. The tensile strength obtained by the double
punch tensile test was calculated using Equation (5.1), as suggested in Chen and Yuan
(1980):

𝐷𝑜𝑢𝑏𝑙𝑒 𝑝𝑢𝑛𝑐ℎ 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
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𝑃
𝜋(0.6𝑑ℎ − 0.25𝑥 2 )

(5.1)

where 𝑃 is the maximum applied load in kN, 𝑑 is the diameter of the specimen in mm
(150 mm), ℎ is the height of specimen in mm (150 mm), and 𝑥 is the diameter of steel
punch in mm (37.5 mm).

Figure 5.3 Test setup for double punch tensile strength. (Note: h= 150 mm, d=150 mm
and x=37.5 mm)

The stress-strain behaviour of ambient cured GPC specimens under compression was
determined according to AS 1012.17-2014 (AS 2014) with a 5000 kN Denison
compression testing machine. The compression tests were performed at the loading rate
of 0.3 mm/min. Three linear variable differential transducers (LVDT) were used to record
the axial deformation of the specimens, while the axial load was obtained directly from
the compression testing machine. The GPC specimens were capped before testing with
high strength plaster to ensure uniform loading surfaces.
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5.5 Results and discussions
5.5.1 Workability
The slump tests were performed according to AS 1012.3.1-1998 (AS 1998) to investigate
the influence of the inclusion of steel fibres on the workability of ambient cured GPC
mixes. The slump test results are reported in Table 5.4. The addition of MAS and MIS
fibres to the GPC mixes reduced the workability. The reduction in the workability
increased with the increase in the volume fraction of MAS and MIS fibres in the GPC
mixes. Figure 5.4 shows the influences of steel fibre contents on the workability GPC
mixes.
The addition of 1%, 2% and 3% MAS fibres by volume decreased the workability of GPC
mixes by 12.71%, 33.05% and 40.68%, respectively. The addition of 1%, 2% and 3%
MIS fibres by volume decreased the workability of GPC mixes by 11.02%, 27.97% and
35.59%, respectively. From Figure 5.4, it can be observed that the workability of GPC
mixes decreased with the increase in the aspect ratio and volume fraction of steel fibres.
The addition of 0-2% by volume of MAS and MIS fibres into GPC mixes did not
significantly affect the workability of GPC mixes. However, the addition of 3% by
volume of MAS and MIS fibres into GPC mixes significantly reduced the workability of
GPC mixes and resulted in less workable concrete. The reduction in the workability of
the GPC mixes with a high-volume fraction of steel fibre could be attributed to the random
dispersion of steel fibres during the mixing process, which restrained the followability of
the fresh GPC mixes.
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Table 5.4 Test results of ambient cured GPC mixes
Mix

Slump
(mm)

Compressive strength (MPa)
7 days

Indirect tensile
strength (MPa)

Direct tensile
strength (MPa)

28 days

Average

S.D.

Average

S.D.

Average

S.D.

Average

S.D.

Double punch
tensile strength
(MPa)
Average S.D.

Flexural strength
(MPa)
Average

S.D.

REF

118

40.1

1.11

44.1

1.12

3.5

0.20

2.4

0.15

3.0

0.22

4.4

0.26

MAS1

103

40.9

1.17

44.5

0.98

4.7

0.22

2.7

0.12

3.7

0.24

5.2

0.21

MAS2

79

41.8

1.11

46.1

1.66

6.0

0.27

3.2

0.13

4.7

0.20

6.7

0.23

MAS3

70

42.3

1.64

44.9

0.97

5.1

0.23

3.0

0.16

4.0

0.19

6.2

0.17

MIS1

105

41.7

1.12

46.5

1.20

3.9

0.26

2.6

0.14

3.2

0.23

4.6

0.17

MIS2

85

44.1

1.06

47.9

1.20

5.3

0.22

2.9

0.16

4.1

0.21

5.4

0.13

MIS3

76

40.7

0.79

45.6

0.93

4.8

0.15

2.8

0.10

3.8

0.18

5.0

0.32

Note: S.D represents standard deviation
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Figure 5.4 Slump test results of GPC mixes

5.5.2 Compressive strength
The compressive strengths of ambient cured GPC tested at 7 and 28 days are shown in
Table 5.4. The average compressive strength of ambient cured GPC with steel fibres was
higher than the average compressive strength of GPC without steel fibres. The average
compressive strength of ambient cured GPC without steel fibres (REF) were 40.1 MPa
and 44.1 MPa on 7 and 28 days, respectively. Figure 5.5 shows the effect of the volume
fraction of MAS and MIS fibres on the compressive strength of GPC. The increase in the
compressive strength for GPC with the addition of MAS fibre was less than the increase
in the compressive strength with the addition of MIS fibre for the same volume fraction
of fibres. It can be observed that the addition of MAS fibres increased the compressive
strength of the GPC by 0.9%, 4.2%, and 1.8% when 1%, 2% and 3% MAS fibres by
volume were added to the GPC mixes, respectively. The addition of 1%, 2% and 3% MIS
fibres by volume increased the compressive strength of GPC by 5.4%, 8.6% and 3.4%,
respectively, compared to the compressive strength of the REF GPC. This increase in the
compressive strength with the addition of the MAS and MIS fibres could be attributed to
the good distribution of steel fibre in GPC mixes. The good distribution of steel fibres
increased the bonding between the steel fibres and the GPC mixes and prevented the
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initiation and propagation of cracks and increased the compressive strength of GPC.
However, the decrease in the compressive strength of the GPC with the addition of 3%
by volume of MAS and MIS fibres could be attributed to the reduction in the workability
of the GPC mix because steel fibre created internal voids in the GPC mix.
60
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Figure 5.5 Average compressive strength of ambient cured GPC: (a) MAS and (b) MIS
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The internal voids were created due to the inadequate vibration during the casting process.
These voids reduced the density of the GPC, which subsequently decreased the
compressive strength of GPC (Atiş and Karahan 2009).
It can be concluded that the addition of MAS and MIS fibres to the plain GPC mix
achieved an improvement in the compressive strength of the GPC. The good bond
between the steel fibres and the GPC mix assisted to inhibit the disintegration of the GPC
mix and subsequently increased the compressive strength of the GPC. In particular, the
optimum volume fraction of steel fibres that provided the maximum compressive strength
was 2% by volume for both MAS and MIS fibres. The compressive strengths of the GPC
with low aspect ratio steel fibres (MIS fibres) were higher than the compressive strengths
of the GPC with high aspect ratio steel fibres (MAS fibres).
5.5.3 Indirect tensile strength
The indirect tensile strengths of ambient cured GPC at 28 days are given in Table 5.4.
The test results showed that the addition of MAS and MIS fibres significantly influenced
the indirect tensile strength of GPC. Figure 5.6 shows the effect of the volume fraction
of MAS and MIS fibres on the indirect tensile strength of GPC. It can be observed that
the indirect tensile strengths of GPC including MAS and MIS fibres were higher than the
indirect tensile strength of GPC without steel fibres (REF GPC). The average indirect
tensile strength of the REF GPC was 3.50 MPa. The addition of 1%, 2% and 3% MAS
fibres by volume increased the indirect tensile strength of GPC by 34.3%, 71.4% and
45.7%, respectively, compared to the indirect tensile strength of REF GPC. The addition
of 1%, 2% and 3% MIS fibres by volume increased the indirect tensile strength of GPC
by 11.4%, 51.4% and 37.1%, respectively, compared to the indirect tensile strength of
REF GPC. The increase in the indirect tensile strength of GPC can be attributed to the
good distribution and random orientation of steel fibres into the GPC mixes. However,
the decrease in the indirect tensile strength of GPC with 3% by volume for MAS and MIS
fibres was because of the reduction in the workability of GPC mixes, as steel fibres
created internal voids in the GPC mixes. These voids reduced the density of the GPC mix,
which resulted in a significant decrease in the indirect tensile strength of the GPC.
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Figure 5.6 Average indirect tensile strength of ambient cured GPC
Based on the results obtained from the indirect tensile strength tests, it can be concluded
that the steel fibres with a high aspect ratio (MAS fibre) provided better performance
compared to the steel fibres with a low aspect ratio (MIS fibre). This is because the steel
fibres with a high aspect ratio produced stronger bond between the GPC mixes and the
steel fibres, which enhanced the tensile strength of GPC.
5.5.4 Direct tensile strength
The typical direct axial load-axial deformation behaviour of ambient cured GPC are
shown in Figure 5.7. For the plain geopolymer concrete (REF GPC mix), the direct axial
load dropped to zero immediately after the maximum axial load (Figure 5.7). The postpeak behaviour, however, was influenced by the addition of MAS and MIS fibres. Figure
5.7 shows that the post-peak behaviour is slightly influenced by the addition of 1% by
volume of MAS and MIS fibres. However, the post-peak behaviour is significantly
influenced by the addition of 2% and 3% by volume of MAS and MIS fibres. It can be
observed that, in the post-peak region, the direct axial load of ambient cured GPC with
2% and 3% by volume of MAS fibres dropped gradually. It was also observed that in the
post-peak region, the direct axial load of ambient cured GPC with 2% and 3% by volume
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of MIS fibres dropped to nearly one-third of the maximum axial load, which was followed
by a gradual decrease in the direct axial load of GPC mixes.
Results of direct tensile strengths of ambient cured GPC at 28 days are given in Table
5.4. Significant increases in the direct tensile strength of GPC were observed for the
addition of MAS and MIS fibres. The direct tensile strength was calculated as the
maximum tensile load divided by the reduced cross-sectional area of the GPC specimens
(100 mm × 80 mm). It can be observed that the direct tensile strength of GPC increased
with the addition of MAS and MIS fibres compared to the direct tensile strength of GPC
without steel fibres (REF GPC).
The average direct tensile strength of the REF GPC was 2.4 MPa (Table 5.4). The addition
of 1%, 2% and 3% MAS fibres by volume increased the direct tensile strength by 12.5%,
33.3% and 25%, respectively, compared to the direct tensile of the REF GPC. The
addition of 1%, 2% and 3% MIS fibres by volume increased the direct tensile strength by
about 8.3%, 20.8% and 16.6%, respectively, compared to the direct tensile of the REF
GPC. It can be observed that the addition of 2% by volume of MAS and MIS fibre
achieved the highest increase in the direct tensile strength. This is because high volume
fraction steel fibres led to an increase in the availability of fibres crossing the cracked
section. Hence, greater efficiency in delaying the growth of micro and macro cracks and
an improvement in the peak axial tension were achieved. However, with the increase in
the volume fraction of MAS and MIS fibres from 2% to 3%, the direct tensile strength
decreased. The reason for the decrease in the direct tensile strength could be because the
high volume fraction steel fibres led to the formation of balling during the mixing process,
which resulted in the nonhomogeneous distribution of steel fibres crossing the cracked
section and subsequently decreased the direct tensile strengths of GPC. From the direct
tensile strength test results, it can be concluded that the GPC with higher aspect ratio steel
fibre (MAS fibre) achieved higher direct tensile strength. This is because longer steel
fibres resulted in an increase in fibre pullout load along with an increase in the tensile
strain capacity.
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Figure 5.7 Typical direct axial load-axial deformation responses of ambient cured GPC:
(a) MAS and (b) MIS
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5.5.5 Double punch tensile strength
The test results of the double punch tensile strength of ambient cured GPC at 28 days are
given in Table 5.4. The test results indicated that the addition of MAS and MIS fibres to
the GPC mixes significantly influenced the double punch tensile strength of GPC. The
average tensile strength of ambient cured GPC without steel fibres was 3.0 MPa. Figure
5.8 shows the effect of the volume fraction of MAS and MIS fibres on the tensile strengths
obtained by the double punch tensile tests of GPC.
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Figure 5.8 Average double punch tensile strength of ambient cured GPC
It can be observed in Figure 5.8 that the tensile strength increased significantly with the
addition of MAS and MIS fibres compared to the tensile strength of the REF GPC. It can
be observed in Table 5.4 that the addition of 1%, 2% and 3% MAS fibres by volume
increased the tensile strength by 23.3%, 56.7% and 33.3%, respectively, compared to the
tensile strength of the REF GPC. The addition of 1%, 2% and 3% MIS fibres by volume
increased the tensile strength by about 6.7%, 36.7% and 26.7%, respectively, compared
to the tensile strength of the REF GPC. The increase in the tensile strength was attributed
to the good distribution and random orientation of steel fibres into the GPC mixes, which
assisted to resist the propagation of micro and macro cracks. The arrest in the propagation
of cracks increased the load-carrying capacity. However, the increase in the volume
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fraction of MAS and MIS fibres from 2% to 3% decreased the tensile strength of GPC.
This may be because the high-volume fraction of steel fibres reduced the workability of
the GPC and resulted in a non-uniform distribution of the MAS and MIS fibres during
the mixing process. In addition, the high volume fraction MAS and MIS fibres created
voids in GPC mixes. These voids reduced the density of the GPC mix, which resulted in
a significant decrease in the tensile strength of the GPC.
It can be observed from the double punch tensile strength test results, that the optimum
volume fraction of steel fibres for the maximum tensile strength was 2% by volume of
MAS and MIS fibres. The tensile strengths of the GPC with high aspect ratio steel fibres
(MAS fibres) were higher than the tensile strengths of the GPC with low aspect ratio steel
fibres (MIS fibres). This is because high aspect ratio steel fibres (MAS fibres) provided
higher frictional surface area between the steel fibres and the GPC mixes, which resulted
in the stronger crack bridging by the long steel fibres and achieved a more efficient load
transfer mechanism.
5.5.6 Flexural strength
The flexural strengths of ambient cured GPC at 28 days are given in Table 5.4. The
addition of steel fibre into GPC mixes considerably increased the flexural strengths of the
GPC. The average flexural strength of ambient cured GPC without steel fibres was 4.4
MPa. Figure 5.9 shows the effect of the volume fraction of MAS and MIS fibres on the
flexural strength of ambient cured GPC.
The addition of 1%, 2% and 3% MAS fibres by volume increased the flexural strengths
of GPC by 18.2%, 52.3% and 40.9%, respectively, compared to the flexural strength of
the REF GPC. The addition of 1%, 2% and 3% MIS fibres by volume increased the
flexural strengths of GPC by 4.5%, 22.7% and 13.6%, respectively, compared to the
flexural strength of the REF GPC. The increase in the flexural strength of GPC with the
addition of steel fibres was because the randomly oriented steel fibres crossing the
cracked section resisted the propagation of micro and macro cracks. The arrest in the
propagation of cracks increased the load-carrying capacity (Faisal and Ashour 1992).
However, the decrease in the flexural strength of the GPC with 3% by volume of MAS
and MIS fibres could be attributed to the high volume fraction of steel fibres, which
reduced the workability of the GPC mix and resulted in a nonhomogeneous distribution
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of steel fibres crossing the cracked section. The optimum volume fraction of MAS and
MIS fibres for the maximum flexural strength was 2%. It is inferred from the test results
that better bonding between steel fibres and GPC mixes can be achieved by using high
aspect ratio steel fibres in comparison with low aspect ratio steel fibres. This is because
steel fibres with a low aspect ratio (MIS fibre) were less efficient in bridging the
macrocracks, as more steel fibres might have been pulled out from the GPC when the
microcracks were transformed into macrocracks.
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Figure 5.9 Average flexural strength of ambient cured GPC
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MIS3

5.5.7 Stress-strain behaviour in compression
Typical experimental stress-strain behaviour in compression of ambient cured GPC at 28
days are shown in Figure 5.10. The addition of steel fibres significantly influenced the
ascending and descending branches of the stress-strain curves. However, the most
significant effect was observed in the descending branch of the stress-strain curves. The
ascending branch of the stress-strain curves was almost linear until the peak stress (Figure
5.10). After reaching the peak stress, the REF GPC showed a more rapid decline in the
descending branch of the stress-strain curves and immediately failed in a brittle manner
after the peak stress. The increase in the brittleness of plain GPC was also reported by
Atiş et al. (2009) and attributed to the high prevalence of micro-cracking in the GPC (Lee
and Lee 2013). However, the addition of MAS and MIS fibres into the GPC mixes showed
a gradual decrease in the descending branches of the stress-strain curves and changed the
failure modes from brittle to ductile.
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Figure 5.10 Typical stress-strain behaviour of ambient cured GPC under axial
compression: (a) MAS and (b) MIS
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5.5.7.1 Peak stress and corresponding strain
Geometrical shape and volume fractions of the steel fibre influence the peak stress and
the corresponding strain of the GPC. It was noticed that the addition of MAS fibres did
not significantly increase the peak stress of ambient cured GPC. However, the peak stress
of ambient cured GPC significantly influenced by the addition of MIS fibres. The peak
stress, strain corresponding to the peak stress obtained from the stress-strain curve are
shown in Table 5.5.
Table 5.5 Stress-strain behaviour of ambient cured GPC under axial compression
Mix

Peak
stress
(MPa)

Strain at
peak stress
(mm/mm)

Modulus of
elasticity
(GPa)

Toughness

Toughness
ratio

REF

42.4

0.0028

22.6

0.10

1

MAS1

43.2

0.0037

24.9

0.41

4.1

MAS2

45.3

0.0040

25.3

0.47

4.7

MAS3

43.9

0.0044

24.5

0.49

4.9

MIS1

45.1

0.0033

24.7

0.36

3.6

MIS2

47.1

0.0037

24.9

0.42

4.2

MIS3

44.3

0.0044

23.9

0.48

4.8

The peak stress of ambient cured GPC without steel fibres (REF) at 28 days was 42.4
MPa. The addition of 1%, 2% and 3% MAS fibres by volume increased the peak stresses
for GPC by 1.9%, 6.8% and 3.5%, respectively, compared to the peak strain of the REF
GPC. The addition of 1%, 2% and 3% MIS fibres by volume increased the peak stresses
for GPC by 6.4%, 11.1% and 4.5%, respectively, compared to the peak strain of the REF
GPC. The decrease in the peak stress of GPC with 3% by volume of MAS and MIS fibres
might be due to the high volume fraction of steel fibres which reduced the workability of
GPC mix and resulted in a non-uniform distribution of steel fibres during the mixing
process. In addition, the high volume fraction of steel fibres created voids in the GPC
mixes. These voids reduced the density of the GPC mixes, which subsequently decreased
the peak stress of GPC.
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The addition of MAS and MIS fibres noticeably influenced the strain corresponding to
the peak stress of GPC. It was observed that the increase in the strain corresponding to
the peak stress was significant for GPC with a higher volume fraction of steel fibres.
Increasing the volume fractions of the steel fibre played a key role in increasing the strain
corresponding to the peak stress (Table 5.5). The addition of 1%, 2% and 3% MAS fibres
by volume increased the strain corresponding to the peak stress by 32.1%, 42.9% and
57.1%, respectively, compared to the strain corresponding to the peak strain of the REF
GPC. The addition of 1%, 2% and 3% MIS fibres by volume increased the strain
corresponding to the peak stress by 17.9%, 32.1% and 57.1%, respectively compared to
the strain corresponding to the peak strain of the REF GPC.
5.5.7.2 Modulus of elasticity
The modulus of elasticity of ambient cured GPC was calculated according to ACI 31811 (ACI 2011). The slope of the tangent of stress-strain curves that were drawn from the
point of origin to the point at 45% of the peak stress represents the modulus of elasticity
of GPC. The modulus of elasticity of ambient cured GPC is given in Table 5.5. The
modulus of elasticity of the ambient cured GPC without steel fibres (REF) at 28 days was
22.6 GPa. It was observed that the increase in the volume fraction of steel fibres increased
the modulus of elasticity of the GPC.
In comparison with the modulus of elasticity of the GPC without steel fibres (REF), the
addition of 1%, 2% and 3% MAS fibres by volume increased the modulus of elasticity of
the GPC by 9.7%, 12% and 8.4%, respectively. Also, the addition of 1%, 2% and 3% of
MIS by volume increased the modulus of elasticity by 9.3%, 10.2% and 5.8%,
respectively. In general, the addition of steel fibres to the GPC mixes improved the
modulus of elasticity. The increase in the modulus of elasticity for GPC with the addition
of high aspect ratio steel fibres (MAS) was higher than the increase in the modulus of
elasticity of the GPC with the addition of low aspect ratio steel fibres (MIS) for the same
volume fraction fibres. This may be because MIS fibre pulled out once the micro cracks
start propagating into macro cracks at the peak stress. Thus, a less efficient load transfer
mechanism occurred.
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5.5.7.3 Toughness
Toughness can be measured from the area under the stress-strain curve. It can be observed
that the area under the stress-strain curves increased with the increase in the volume
fraction of steel fibres, which indicated an increase in the toughness of the GPC (Figure
5.10). In this study, the toughness is measured using the area under stress-strain curves
up to a strain of 0.015, which is five times the ultimate concrete strain of 0.003, as
specified in ACI 318-11 (ACI 2011). Toughness Ratio (TR) is used to evaluate the
improvement of the toughness due to the addition of steel fibres in the GPC mixes.
Toughness Ratio (TR) can be computed as the ratio of toughness of the steel fibre
reinforced GPC to the toughness of the GPC without steel fibres (REF) (Ezeldin and
Balaguru 1992). The toughness and toughness ratio of different ambient cured GPC were
measured and reported in Table 5.5. It can be seen from Table 5.5 that the increase in the
volume fraction of steel fibres resulted in a significant increase in the toughness of the
GPC. In comparison with the toughness of the GPC without steel fibres (REF), the
addition of 1%, 2% and 3% MAS fibres by volume increased the toughness of the GPC
by about 310%, 370% and 390%, respectively. Also, the addition of 1%, 2% and 3% of
MIS by volume increased the toughness by about 260%, 320% and 380%, respectively,
compared to the toughness of the REF GPC.
The variation in the toughness ratio is also presented in Table 5.5. It is noted that the
toughness ratio increased with the increase in the aspect ratio and volume fraction of steel
fibres. The highest TR of 4.9 was achieved for specimens with higher aspect ratio and
volume fraction (MAS3) steel fibres. This may be because the increase of the aspect ratio
and volume fraction of steel fibres increased the area under the stress-strain curve due to
the increase in the softening behaviour of the descending branch of the stress-strain curve.
Consequently, the toughness of GPC increased.
5.6 Conclusions
This study evaluated the effect of the aspect ratio and volume fraction of steel fibre on
the engineering properties of ambient cured geopolymer concrete. Based on the test
results, the following conclusions are drawn:
1. The workability of geopolymer concrete mixes decreased with the increase in the
aspect ratio and volume fraction of steel fibres. The addition of 0-2% by volume of MAS
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and MIS fibres into GPC mixes did not significantly affect the workability of GPC mixes.
However, the addition of 3% by volume of MAS and MIS fibres into GPC mixes
significantly reduced the workability of GPC mixes and resulted in less workable
concrete.
2. The compressive strength of ambient cured geopolymer concrete increased with the
addition of MAS and MIS fibres. The highest compressive strength of ambient
geopolymer concrete was obtained for the addition of 2% by volume of low aspect ratio
steel fibres (MIS). The increase in the compressive strength was about 8.6% compared to
the reference geopolymer concrete mix without steel fibre.
3. The indirect tensile strength and flexural strength of ambient cured geopolymer
concrete increased with the addition of MAS and MIS fibres by volume. The highest
indirect tensile strength and flexural strength of ambient geopolymer concrete were
achieved for the addition of 2% by volume of high aspect ratio steel fibres (MAS). The
increase in the indirect tensile strength and flexural strength was about 71.4% and 52.3%,
respectively compared to the indirect tensile strength and flexural strength of geopolymer
concrete without steel fibre.
4. The direct tensile strength and double punch tensile strength of ambient cured
geopolymer concrete significantly improved with the addition of MAS and MIS fibres.
The addition of 2% by volume of high aspect ratio steel fibres (MAS) achieved the highest
direct tensile strength and double punch tensile strength. The increases in the direct tensile
strength and double punch tensile strength were about 33.3% and 67.8%, respectively,
compared to the direct tensile strength and double punch tensile strength of geopolymer
concrete without steel fibre.
5. The basic characteristics of the stress-strain behaviour of ambient cured geopolymer
concrete under axial compression were influenced by the addition of MAS and MIS
fibres. The addition of MAS and MIS fibres in the ambient cured geopolymer concrete
mixes did not significantly influence the ascending branch of the stress-strain curve, but
the descending branch of the stress-strain curve was significantly influenced by the
addition of steel fibres.
6. The toughness of ambient cured geopolymer concrete increased considerably with the
increase in the aspect ratio and volume fraction of steel fibres. The highest toughness was
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achieved for the addition of 3% by volume of high aspect ratio (MAS) fibre in the
geopolymer concrete mixes. The additions of 3% by volume of high aspect ratio (MAS)
fibre achieved an increase in the toughness by 390% compared to the toughness of
geopolymer concrete mix without steel fibre.
Based on the test results, it can be concluded the addition of low aspect ratio steel fibres
in the geopolymer concrete mix is recommended for significant improvements in the
compressive strength of ambient cured geopolymer concrete. The addition of high aspect
ratio steel fibres in the geopolymer concrete mix is recommended for significant
improvements in the tensile strengths and toughness of ambient cured geopolymer
concrete.
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Preamble
The development of geopolymer concrete offers promising signs for a change in the
method of producing concrete. However, to seriously consider geopolymer concrete as
an alternative to OPC concrete, the durability of geopolymer concrete should be evaluated
in detail to ascertain the suitability of geopolymer concrete in structural applications. The
corrosion of reinforcing steel bars in reinforced concrete structures is considered to be
one of the most significant problems which affect the function and safety of the structures
worldwide, and particularly structures in coastal areas. Corrosion of reinforcing steel bars
in reinforced concrete structures can reduce the effective cross-sectional area of
reinforcing steel bars and deteriorate the bond between reinforcing steel bars and the
surrounding concrete. The main purpose of this study was to evaluate the effect of
corrosion on the bond between steel bars and fibre reinforced geopolymer concrete.
This study examined the effect of corrosion on the bond between reinforcing steel bars
and steel fibre reinforced geopolymer concrete by using three types of steel fibres
including straight micro steel fibre, deformed macro steel fibre, and hybrid steel fibre.
Pull-out tests were carried out on geopolymer concrete cube specimens with a side length
of 160 mm and reinforced centrally with a 16 mm diameter deformed steel bar. Details
of the main experimental program and the test results are discussed in the following
sections.
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6.1 Abstract
This paper investigates the effect of corrosion on the bond between reinforcing steel bars
and fibre reinforced geopolymer concrete. An accelerated corrosion method was used to
corrode the reinforcing steel bars embedded in geopolymer concrete. Three types of steel
fibres including straight micro steel fibre, deformed macro steel fibre, and hybrid steel
fibre were used in this study. A total of ten geopolymer concrete mixes were used to
evaluate the effect of corrosion of steel bar on the bond between steel bar and fibre
reinforced geopolymer concrete. The pull-out test specimens were composed of concrete
cubes with a side length of 160 mm and reinforced with a deformed steel bar of 16 mm
diameter located at the centre of the specimens. The test results showed that the addition
of steel fibres in geopolymer concrete (fibre reinforced geopolymer concrete)
significantly enhanced the bond strength of reinforcing steel bar. The bond strength of
reinforcing steel bars embedded in steel fibre reinforced geopolymer concrete specimens
reduced due to corrosion of reinforcement. However, the reduction of bond strength in
steel fibre reinforced geopolymer concrete specimens was less than the reduction of bond
strength in plain geopolymer concrete specimen.
6.2 Introduction
The process of the production of cement is associated with high energy consumption
causing adverse environmental impact. It was estimated that the production of 1 tonne of
cement requires about 1 tonne of raw materials and emits nearly 1 tonne of carbon dioxide
(CO2) into the atmosphere (Turner and Collins 2013; Hardjito et al. 2004; McLellan et al.
2011). Hence, to reduce the adverse environmental impact associated with the production
of cement, the use of alternative binders to cement such as industrial by-products are
considered an attractive solution to reduce or alleviate adverse environmental impacts.
During the last few decades, research investigations were carried out into the use of
geopolymer concrete as an alternative to the Ordinary Portland Cement (OPC) concrete.
Geopolymer concrete consumes lower energy and causes low carbon dioxide emissions
into the atmosphere. It possesses high early strength, high fire resistance and high
durability against chemical attack. It has been a promising material to be used in different
construction applications as an alternative to OPC concrete (Duxson et al. 2007; AlMajidi et al. 2017; Bakharev 2005; Ranjbar et al. 2014). On the other hand, low tensile
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and flexural strengths are the main drawbacks limiting the use of geopolymer concrete in
several applications including the construction of columns and beams. The addition of
steel fibres was found to be a promising solution to enhance the tensile and flexural
strengths of geopolymer concrete (Natali et al. 2011). Ng et al. (2013) found that shear
strength of geopolymer concrete beams increased with the addition of steel fibre. Bernal
et al. (2010) investigated the mechanical properties and durability performance of heat
cured geopolymer concrete reinforced with various proportions of steel fibre ranging
from 0 to 3% by volume. The test results showed a reduction of the compressive strength
with the addition of steel fibres. However, splitting tensile strength and flexural strength
were significantly improved with the increase in the addition of steel fibres from 0 to 3%
by volume. Also, the durability performances including water absorption, capillarity and
water penetration resistance were enhanced with the addition steel fibres in the heat cured
geopolymer concrete (Bernal et al. 2010).
A large number of reinforced concrete structures are exposed to chloride attack leading
to the corrosion of reinforcing steel bars (Chen 2004). The corrosion of the steel bar has
significant adverse effects on the durability and serviceability of the reinforced concrete
(RC) structures (Fu and Chung 1997). Several research studies reported that the corrosion
of the steel bar in RC structures reduced the tensile strength of the reinforcing bars
because of the loss of the cross-sectional area and loss in the bond performance between
reinforcing steel bar and surrounding concrete (Coccia et al. 2016; Tondolo 2015).
Abosrra et al. (2011) studied the effect of corrosion on the bond behaviour of deformed
steel bars embedded in concrete with different compressive strengths. The test results
showed that higher compressive strength of concrete increased the bond strength and
reduced the rate of corrosion of steel reinforcing bar.
Steel fibres are commonly used for reinforcing the precast elements, hydraulic structures,
airfield pavements, and tunnel lining segments. However, steel fibres cannot be used to
replace the conventional reinforcing steel bars in most concrete members. Steel fibres are
used as complementary to the conventional reinforcing steel bars in RC structures.
However, some studies recommended for not using steel fibre in combination with
conventional reinforcing steel bars in saltwater environments because of the concerns that
steel fibres might accelerate the corrosion of reinforcing steel bars in RC structures
(Okada et al. 1988; Chen et al. 2015).
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Roque et al. (2009) studied the durability of hooked end steel fibre of RC structural
members. The test results showed that steel fibres improved the durability of RC
structures in non-submerged saltwater environments. It was recommended that steel
fibres should not be used in combination with reinforcing steel bars in seawater
environments because steel fibres in contact with reinforcing steel bars accelerated the
corrosion of the reinforcing steel bars (Roque et al. 2009). Grubb et al. (2007) investigated
the effect of micro steel fibres on the corrosion of reinforcing steel bars. Mortar specimens
with and without micro steel fibres were exposed to a corrosive environment. Steel bars
embedded in mortar reinforced with micro steel fibres showed better resistance to
corrosion than steel bars embedded in plain mortar. Someh and Saeki (1997) studied the
durability of concrete reinforced by zinc-coated steel fibres. Steel bars embedded in zinccoated steel fibre reinforced concrete remained free from corrosion for a longer period of
time compared to steel bar embedded in plain concrete when exposed to similar corrosive
environments.
Sofi et al. (2007) investigated the bond strength of geopolymer concrete with reinforcing
steel bar. The test results showed that all specimens failed by splitting of geopolymer
concrete surrounding the steel bar and the bond strength increased with a decrease in the
diameter of the reinforcing steel bar. The bond strength of geopolymer concrete and OPC
concrete with reinforcing steel bars was also studied by Sarker (2011). The test results
showed that both geopolymer concrete and OPC concrete specimens failed by splitting
of concrete around the region bonded with the reinforcing steel bar. The test results also
showed that geopolymer concrete had higher bond strength than OPC concrete with
reinforcing steel bars (Sarker 2011). Castel and Foster (2015) also reported that the bond
strength of reinforcing steel bar embedded in the geopolymer concrete was slightly higher
than the bond strength of reinforcing steel bar embedded in the OPC concrete.
Different test methods were adopted in the previous research studies for measuring the
bond between reinforcing steel bars and concrete including pull-out test (Sofi et al. 2007),
beam end test (Sarker 2011), beam anchorage test (Hamad et al. 2005) and splice test
(Tekle et al. 2017). In this study, the pull-out test was used because of the ease of
fabrication and the simplicity of the test. Several research studies investigated the bond
of reinforcing steel bars embedded in geopolymer concrete. However, the effect of
corrosion on the bond performance of reinforcing steel bars embedded in steel fibre
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reinforced geopolymer concrete has not yet been investigated. The objective of this study,
therefore, is to evaluate the effect of corrosion on the bond between steel bars and fibre
reinforced geopolymer concrete. The objective of this study is achieved through extensive
experimental investigations.
6.3 Experimental program
6.3.1 Materials
The materials used in this study included ground granulated blast furnace slag (GGBS)
and fly ash (FA). The GGBS was used as the source of aluminosilicate materials for the
production of geopolymer concrete and the FA was used as an additive to increase the
setting time of geopolymer concrete under ambient curing conditions. The GGBS was
supplied by the Australian Slag Association (ASA 2017). The FA was supplied by Eraring
Power Station, Australia (Eraring Australia 2017). The X-Ray Fluorescent (XRF) was
used to analyse the chemical composition of FA and GGBS. The chemical composition
analysis of GGBS and FA was conducted in the School of Earth Science at the University
of Wollongong Australia. The chemical compositions of GGBS and FA are shown in
Table 6.1.
The results of XRF classified the FA as low calcium FA (Type F) according to ASTM
C618-08 (ASTM 2012). The sum of SiO2, Al2O and Fe2O3 content were higher than 70%
of the FA components. The CaO content was < 8% of the FA components. Coarse
aggregate with a maximum size of 10 mm and river sand as a fine aggregate were used
in this study. The roles of alkaline activator solution are to dissolve the reactive portion
of the source materials (aluminate (Al) and silicate (Si)) present in GGBS and FA and to
provide a high alkaline liquid medium. The alkaline activator solution was a blend of
sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions. The sodium
hydroxide (NaOH) solution was prepared by dissolving caustic soda pellets in potable
water. The NaOH solution was prepared 24 hours before casting geopolymer concrete.
The Na2SiO3 solution included 44.1% solids, 29.4% silicate and 14.7% sodium oxide.
The Na2SiO3 was supplied by PQ Australia (PQ Australia 2017). High range water
reducer (Glenium 8700) supplied by BASF Australia (BASF Australia 2017) was used to
improve the workability of the geopolymer concrete.
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Table 6.1 Chemical compositions (mass %) of GGBS and FA
Component

GGBS

FA

SiO2

32.40

62.2

Al2O3

14.96

27.5

Fe2O3

0.83

3.92

CaO

40.70

2.27

MgO

5.99

1.05

K2O

0.29

1.24

Na2O

0.42

0.52

TiO2

0.84

0.16

P 2 O5

0.38

0.30

Mn2O3

0.40

0.09

SO3

2.74

0.08

LOI

NA

0.89

LOI: Loss on ignition
In this study, three types of steel fibres were used: straight micro steel (MIS) fibres,
deformed macro steel (DES) fibres and hybrid steel (HYS) fibres. The straight micro steel
(MIS) fibres were 6 mm in length and 0.2 mm in diameter with a tensile strength of 2600
MPa (Ganzhou 2017). The deformed macro steel (DES) fibres were 18 mm in length and
0.55 mm in diameter with a tensile strength of 800 MPa (Fibercon 2017). The HYS fibres
were a combination of MIS fibres and DES fibres. The MIS fibres were supplied by
Ganzhou Daye Metallic Fibres Company, China (Ganzhou 2017). The DES fibres were
supplied by Fibercon Company, Australia (Fibercon 2017). The properties of steel fibres
are presented in Table 6.2. Deformed steel bars of 16 mm diameter were used as
reinforcement. Five samples of 16 mm deformed steel bars were tested according to
AS1391-2007 (AS 2007). The deformed steel bars have two longitudinal ribs and rows
of alternately inclined transverse ribs on both sides of the bars. These ribs contribute
positively to the bond strength between reinforcing steel bar and concrete. The average
yield tensile strength and corresponding yield strain of the deformed steel bar were 612
MPa and 0.003 mm/mm, respectively.
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Table 6.2 Properties of steel fibres
Type of steel fibre
Micro steel (MIS) fibres
(Ganzhou 2017)
Deformed macro steel (DES)
fibres (Fibercon 2017)

Length
(mm)

Diameter
(mm)

Tensile
strength (MPa)

Density
(kg/m3)

6±1

0.2 ± 0.05

>2600

7900

18

0.55

800

7865

6.3.2 Preparation of concrete sample
A total of ten geopolymer concrete mixes were used to evaluate the effect of the corrosion
on the bond between reinforcing steel bars and geopolymer concrete. The bond was
evaluated using pull-out tests. The dimensions of the specimens were chosen according
to the European Standard pull-out test EN-10080 (EN-10080 2005), as shown in Figure
6.1. The pull-out test specimens were geopolymer concrete cube specimens with a side
length of 160 mm and reinforced centrally with a 16 mm diameter deformed steel bar.
The length of the steel bar was 510 mm in order to facilitate the loading of the specimen
using the 500 kN Universal Instron testing machine. The bonded length of the tested steel
bar in the specimens was five times the diameter of the steel bar (i.e., 80 mm), as shown
in Figure 6.1. The unbounded length of the steel bar in the specimen was obtained by
using a polyvinyl chloride (PVC) pipe at one end of the specimens (Figure 6.2). Before
mixing of concrete, the deformed steel bars were carefully cleaned and the mass of the
deformed steel bars in each specimen was recorded.
In this study, three types of moulds were used. Plywood moulds were used for preparing
pull-out test specimens. Polyvinyl chloride (PVC) cylindrical moulds of 100 mm diameter
and 200 mm length were used for preparing concrete cylinders to measure the
compressive strength of concrete. Also, PVC cylindrical moulds of 150 mm diameter and
300 mm length were used for preparing concrete cylinders to measure the splitting tensile
strength of concrete.
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Bond length

(b) Plan

(a) Elevation

Figure 6.1 Schematic of the test specimens: (a) Elevation and (b) Plan
(Dimensions are in mm)

Figure 6.2 Pull-out test specimens
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Table 6.3 shows the mix proportion of geopolymer concrete which was adopted from a
previous study by Hadi et al. (2017). The dry materials including binder (GGBS+FA),
coarse and fine aggregate were first mixed for about 3 minutes. Afterwards, alkaline
activator (combination sodium hydroxide with sodium silicate) was slowly added into the
mixer together with the superplasticizer and water. The mixing continued for another 5
minutes. The geopolymer concrete mix was poured from the pan mixer into plywood
moulds prepared for plain geopolymer concrete specimens.
Table 6.3 Mix proportion of geopolymer concrete (Hadi et al. 2017)
Geopolymer mix

Quantity

FA (kg/m3)

225

GGBS (kg/m3)

225

Al/Binder

0.35

Aggregate (kg/m3)

1164

Sand (kg/m3)

627

Na2SiO3/NaOH

2.5

Na2SiO3 (kg/m3)

112.5

NaOH (kg/m3)

45

NaOH (mole/liter)

14

Superplasticizer (kg/m3)

22.5

Water (kg/m3)

45

For the fibre reinforced geopolymer concrete specimens, after the dry materials and liquid
components were mixed thoroughly, steel fibres were added gradually to the wet mix.
Mixing continued until the steel fibres were well dispersed in the geopolymer concrete
mixes. Adequate care was taken during the mixing to ensure a uniform distribution of the
steel fibres in the geopolymer concrete mixes. The geopolymer concrete was poured into
the plywood moulds prepared for the geopolymer concrete specimens. The geopolymer
concrete specimens were cast and compacted in three stages. Each stage was internally
vibrated using an electric vibrator to remove air voids and to compact the fresh concrete.
Afterwards, the geopolymer concrete specimens were kept in the moulds for 24 hours.
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The specimens were then demoulded and kept under ambient conditions until age of 28
days.
6.3.3 Labelling system
In this study, each concrete mix has been identified with an acronym (Table 6.4). The
symbol GC refers to plain geopolymer concrete. The symbols GCMIS and GCDES refer
to geopolymer concrete reinforced with straight micro and deformed macro steel fibres,
respectively. The numbers (1, 1.5, and 2) afterwards refer to the percentages of steel fibres
by volume used in this study. The symbol GCHYS refers to geopolymer concrete with
hybrid steel fibres. The GCHYS mixes included combinations of micro steel and
deformed steel fibres in different proportions. In this study, the GCHYS mixes included
2% hybrid steel fibres by volume. The GCHYS2a included 0.5% micro steel fibres and
1.5% deformed steel fibres (0.5%MIS + 1.5%DES), GCHYS2b included 1% micro steel
fibres and 1% deformed steel fibres (1%MIS + 1%DES) and GCHYS2c included 1.5%
micro steel fibres and 0.5% deformed steel fibres (1.5%MIS + 0.5%DES).
Table 6.4 Test matrix
Concrete mix
GC

Type of steel fibre

Percentage by volume (%)

Plain geopolymer concrete

0

GCMIS1
GCMIS1.5

1 (1% MIS)
Micro steel fibre (MIS)

1.5 (1.5% MIS)

GCMIS2

2 (2% MIS)

GCDES1

1 (1% DES)

GCDES1.5

Deformed steel fibre (DES)

1.5 (1.5% DES)

GCDES2

2 (2% DES)

GCHYS2a

2 (0.5% MIS + 1.5% DES)

GCHYS2b

Hybrid steel fibre (HYS)

GCHYS2c

2 (1% MIS + 1% DES)
2 (1.5% MIS + 0.5% DES)
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6.3.4 Accelerated corrosion method
In this study, an electrochemical method was used to accelerate the corrosion of deformed
steel bars. The specimens were submerged in a plastic tank filled with sea water for three
days before being exposed to an accelerated corrosion process to ensure full saturation of
the tested specimen (Fang et al. 2004). The accelerated corrosion process was obtained
using a direct current (D.C.) supply providing 30 Volt constant potential at 0 to 4 Amperes
(Amp). The direct current was applied to the steel bars embedded in the concrete using
the steel bars as the anode. The cathode was made from a galvanised mesh, which was
placed around the specimens in the salt solution. The current passed from the steel bars
to the galvanised mesh placed inside the salt solution. The end of the steel bar was
insulated during the corrosion in order to ensure that only the bonded zone would be
corroded. One end of the steel bar was coated with paraffin and wrapped with an
insulating plastic membrane. A cushion made from PVC was also used under the
specimens to insulate the specimens from the base of the plastic tank. The schematic of
the accelerated corrosion set-up is shown in Figure 6.3. The experimental setup for the
accelerated corrosion process is shown in Figure 6.4. The calculated mass loss of the steel
bars due to corrosion was calculated according to Faraday's law using Equation (6.1)
(Yalciner et al. 2012; Ma et al. 2017).

Mass loss =

𝑡 × 𝐼 × 55.847
2 × 96487

(6.1)

where t is the duration of exposure (hour) and I is the average current to which the
reinforcing bar was exposed. The actual mass loss of the steel bars due to corrosion was
calculated using Equation (6.2) (Yalciner et al. 2012; Ma et al. 2017).

Mass loss =

𝐺0 −𝐺1
𝐺0

× 100%

(6.2)

where Go is the initial weight of the steel bars before corrosion and G1 is the weight of
the steel bar at the end of the test. Badawi and Soudki (2005) and El Maaddawy and
Soudki (2003) observed that the use of current density for accelerated corrosion tests
provided a similar result estimated by Faraday's law equations, as presented in Equation
(6.1).
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Figure 6.3 Schematic of the accelerated corrosion test set-up

Figure 6.4 Specimens during accelerated corrosion test
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6.3.5 Testing of specimens
The compressive strength tests of geopolymer concrete specimens were carried out
according to AS 1012.9-1999 (AS 1999) at 28 days. A compression testing machine with
a capacity of 1800 kN was used to conduct the compressive strength tests. The splitting
tensile strength tests of geopolymer concrete specimens were performed according to AS
1012.10-2000 (AS 2000) at 28 days. The specimens were tested at the loading rate of 106
kN/min until the specimen failed.
The concentric pull-out tests were performed for the corroded and non-corroded
specimens according to EN-10080 (EN-10080 2005). The pull-out tests were performed
using a 500 kN Universal Instron testing machine, as shown in Figure 6.5. A specially
designed loading frame was used for the pull-out test. The loading frame consisted of two
plates in which the bottom plate was clamped to the base of the universal Instron testing
machine. The reinforcing steel bar passing through the central hole of the top plate was
clamped to the upper head of testing machine (Figure 6.5).
The specimens were tested up to failure with a displacement controlled loading at 0.1
mm/min. The data were recorded at every two seconds. None of the reinforcing steel bars
reached the yield strength during the tests. The axial loads applied by the testing machine
were recorded to establish the bond stress. The bond stress was computed from the applied
axial loads on the steel bar divided by the surface area of the embedded length of the
reinforcing steel bar using Equation (6.3).

𝜏 =

𝑃
𝜋 × 𝐷 × 𝐿

(6.3)

where τ is the bond stress, P is the applied load, D and L are the diameter and the bond
length of the reinforcing steel bars, respectively.
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(a)

(b)
Figure 6.5 Pull-out test: (a) Schematic diagram and (b) Actual setup
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6.4 Results and discussions
6.4.1 Mechanical properties
The average compressive strength and average splitting tensile strength of all concrete
mixes are presented in Table 6.5. For each mix, three specimens for the compressive
strength and three specimens for the splitting tensile strength were tested and the average
results have been reported. It can be seen in Table 6.5 that the average compressive
strengths and average splitting tensile strengths of GC specimens were lower than the
average compressive and average splitting tensile strengths of geopolymer concrete
specimens with different types of steel fibre.
Table 6.5 Properties of geopolymer concrete without and with steel fibres
Average compressive

Average splitting tensile

strength (MPa) at 28 days

strength (MPa) at 28 days

GC

41.1

3.7

GCMIS1

42.7

4.0

GCMIS1.5

42.8

4.9

GCMIS2

43.7

5.1

GCDES1

41.7

4.6

GCDES1.5

41.9

4.8

GCDES2

42.6

5.3

GCHYS2a

46.0

5.8

GCHYS2b

47.2

6.1

GCHYS2c

46.3

5.6

Concrete mix

The average compressive strength was found to be 41.1 MPa for the GC specimens at 28
days. It can be observed that the increase of MIS fibre content from 0 to 2% by volume,
the average compressive strength of the geopolymer concrete increased by 6.3%. With
the increase of DES fibre content from 0 to 2% by volume, the average compressive
strength of the geopolymer concrete increased by 3.6%. The addition of HYS fibres also
increased the average compressive strength of the geopolymer concrete. The
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enhancement in the average compressive strength of the HYS fibre reinforced
geopolymer concrete ranged from 11.9% to 14.8%. Specimens GHYS2b (1%MIS +
1%DES) achieved the highest average compressive strength. The increase in the
compressive strength of geopolymer concrete with the addition of steel fibre can be
attributed to the role of the steel fibre in bridging the cracks, which restrained the initiation
and propagation of cracks.
The average splitting tensile strength of the GC specimens was 3.7 MPa for 28 days
(Table 6.5). For the increase of MIS fibre content from 0 to 2% by volume, the average
splitting tensile strength of the geopolymer concrete increased by 37.8%. For the increase
of DES fibre content from 0 to 2% by volume, the average splitting tensile strength of the
geopolymer concrete increased by 43.2%. Finally, the addition of 2% HYS fibre by
volume significantly increased the splitting tensile strength. The improvements in the
average splitting tensile strength ranged from 51.4% to 64.8%. The highest average
splitting tensile strength of the geopolymer concrete was achieved for GCHYS2b
(1%MIS + 1%DES) specimens. The increase in the splitting tensile strength with the
addition of the steel fibre is attributed to the uniform distribution of steel fibre throughout
the geopolymer concrete mixes. Consequently, greater efficiencies in delaying the
initiation and propagation of cracks were achieved, which improved the splitting tensile
strength of reinforced geopolymer concrete.
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6.4.2 Corrosion and cracking behaviour
In the corrosion process, the electrical potential applied to the positively charged steel
bars attracts negatively charged chloride ions from the salt solution into the concrete.
When the chloride ions reached the steel bar, the surface of steel bars began to corrode
(Sahmaran et al. 2008). The specimens were monitored to determine the beginning of the
corrosion of steel bars. Figure 6.6 shows the variation of current applied with time in GC
and steel fibre reinforced geopolymer concrete specimens. The variation of applied
current with time was obtained by calculating the average current at every 24 hours using
Digitech QM1575 Multimeter.
Figure 6.6a indicates that the average current in the Specimen GC decreased from 440
mA to 145 mA in 96 hours. Afterwards, the current increased from 145 mA to 180 mA
during the next 48 hours. The Specimen GC showed ferrous oxides (brown rust) on the
top of the specimens after 240 hours of accelerated corrosion exposure. On the other hand,
the average current of the steel fibre reinforced geopolymer concrete specimens decreased
for about 96 hours and remained nearly steady for about 500 hours. Afterwards, the
average current increased. The MIS fibre reinforced geopolymer concrete specimen
showed no sign of brown rust for the same period (after 240 hours of accelerated corrosion
exposure). As the experiment continued, ferrous oxides (brown rusts) were observed on
the top of the MIS fibre reinforced geopolymer concrete specimens after about 400 hours.
The brown rust stains seen on the top of the specimens indicated the beginning of
corrosion in the embedded steel bars.
Figure 6.6 (a-c) shows that the trends of the current for the steel fibre (MIS, DES and
HYS) reinforced geopolymer concrete specimens were almost similar. The possible
reason for the initial decreases in the current was due to the filling of the pores in the
concrete by salt and other deposits of the salt water. The increase in the current flow
indicated the beginning of the corrosion of reinforcing bar. It can be observed that the
initial current readings recorded for the steel fibre reinforced geopolymer concrete
specimens were lower than the current readings recorded for Specimen GC. The current
readings for geopolymer concrete specimens did not show any significant increase during
the accelerated corrosion process. This indicates that the steel fibre reinforced
geopolymer concrete demonstrated better resistance against chloride penetration than the
Specimen GC. Initial cracks were observed on the bottom of Specimen GC after about
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240 hours of accelerated corrosion. On the other hand, the initial cracks were observed
on the bottom of specimens after about 500 hours of accelerated corrosion of steel fibre
reinforced geopolymer concrete specimens. The cracking started with increasing the
current in the power supply, where the current increased from 1.6 Amp to 3.9 Amp.
At the end of the accelerated corrosion process, all specimens exhibited longitudinal
cracks running parallel to the steel bars. The maximum measured crack width was in the
range of 0.15-0.25 mm and the crack depth was in the range of 1.5-4.5 mm for the
Specimen GC. However, only micro cracks were noticed on the steel fibre reinforced
geopolymer concrete specimens. The accelerated corrosion test was stopped at 600 hours.
It is apparent that the steel fibre reinforced geopolymer concrete specimens demonstrate
better resistance against chloride penetration compared to the Specimen GC in a corrosive
environment. The specimens were removed from the tank for visual inspection and pullout testing.
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Figure 6.6 Variation of current with time: (a) Geopolymer concrete specimens without
and with MIS fibres, (b) Geopolymer concrete specimens without and with DES fibres,
and (c) Geopolymer concrete specimens without and with HYS fibres
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6.4.3 Mass loss measurement
The level of corrosion in the embedded steel bar was determined from the mass loss
measurement. The level corrosion in terms of the mass loss of the corroded steel bar due
to corrosion were first estimated based on Faraday's law using Equation (6.1). The electric
current and the time of corrosion in the accelerated corrosion test was calculated from
Equation (6.1) based on the calculated mass loss. The accelerated corrosion test was
stopped at 600 hours due to the sudden increases in the current reading, which occurred
with the cracking at the bottom of the specimens. The actual corrosion levels were
measured by the mass loss of the corroded steel bar using Equation (6.2). At the end of
the test, the corroded steel bars were retrieved to determine the mass loss. The corroded
steel bars for each specimen were cleaned in order to remove all corrosion residues before
weighing. The corroded steel bars were cleaned with deionized water using a metal brush
in order to ensure that the steel bars were free from any corrosion residue. Figure 6.7
shows the steel bars before and after corrosion. The steel bars were weighed and the
percentage of mass loss was computed using Equation (6.2).

Non-corroded reinforcing steel bars

Corroded reinforcing steel bars

Figure 6.7 Non-corroded and corroded reinforcing steel bars
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The specimens with the highest volume fraction (2%) of MIS, DES and HYS (1%MIS +
1%DES) steel fibres together with steel bars before and after corrosion process are shown
in Figure 6.8. It can be observed from Figure 6.8 that the steel bars embedded in Specimen
GC noticeably suffered from corrosion damage. On the other hand, the steel bars
embedded in steel fibre reinforced geopolymer concrete specimens had lower corrosion
effects.

Figure 6.8 Specimens before and after the corrosion process: (a) Specimen GC, (b)
Specimen GCMIS2, (c) Specimen GCDES2, and (d) Specimen GCHYS2b
The measured corrosion levels and calculated corrosion levels are reported in Table 6.6.
It can be seen from Table 6.6 that the measured corrosion levels were lower than the
calculated corrosion levels. The difference in measured corrosion levels and the
calculated corrosion levels can be attributed to the fact that the permeability of the
concrete played an important role in the actual level of corrosion. The permeability of the
concrete was not included in Equation (6.1) for the calculation of the theoretical level of
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corrosion. Although the specimens were immersed in the water for three days prior to the
accelerated corrosion process, it would have taken a longer period for the saltwater to
reach the steel reinforcing bar (Fang et al. 2004).
Table 6.6 Calculated and measured corrosion level
Concrete mix

Calculated corrosion (%)

Measured corrosion (%)

GC

6.28

5.90

GCMIS1

3.36

2.25

GCMIS1.5

3.18

2.85

GCMIS2

3.15

2.19

GCDES1

3.68

2.40

GCDES1.5

3.30

2.31

GCDES2

3.22

2.13

GCHYS2a

3.12

2.11

GCHYS2b

2.40

1.94

GCHYS2c

3.14

2.04

Based on the test results, the percentage mass losses of the corroded steel bar were 5.90%
for Specimen GC. On the other hand, for the steel fibre reinforced geopolymer concrete
specimens, there was a slight mass loss of corroded steel bars after 600 hours of
accelerated corrosion testing. Hence, the steel fibre reinforced geopolymer concrete
exhibited better corrosion resistance in the marine environment compared to the plain
geopolymer concrete. The addition of steel fibres to the geopolymer concrete provided
positive effects on the control of the corrosion of steel bar and concrete cracking. Steel
fibres in geopolymer concrete led to smaller and more closely spaced cracks, resulting in
reduced permeability of the concrete. Also, Specimen GC showed higher mass loss of the
corroded steel bar due to the formation of wide cracks on the bottom of the specimens
(Figure 6.8). The cracks allowed the chloride ions to reach the steel bar quicker and
accelerated the rate of corrosion.
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6.4.4 Bond failure modes
Figure 6.9 shows the failure patterns of specimens after the pull-out tests. It can be
observed that the bond failure of non-corroded specimens was almost similar, except
Specimen GC. The failure of the steel fibre (MIS, DES and HYS) reinforced geopolymer
concrete specimens occurred by splitting cracks during the pull-out test while the failure
of Specimen GC occurred by pull-out failure. The typical splitting cracks of the steel fibre
reinforced geopolymer concrete specimens started from the loading end and extended to
the free end.
For corroded specimens, the bond failure of Specimen GC was caused by newly generated
splitting cracks around the steel bar in addition to the existing corrosion induced
longitudinal cracks. This is because of the brittle behaviour of Specimen GC (without
steel fibre) due to the corrosion of steel bar. Thus, more cracks generated when sudden
loss of bond strength occurred. The steel fibre reinforced geopolymer concrete specimens
failed because of the widening of the existing longitudinal crack due to corrosion. The
splitting cracks generated or existing longitudinal cracks widened continuously from the
loading end to the free end. After the pull-out test, only slip of the steel fibres has been
observed.
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Non-corroded

Corroded

(a)
Non-corroded

Corroded

(b)
Non-corroded

Corroded

(c)
Non-corroded

Corroded

(d)
Figure 6.9 Failure pattern: (a) Specimen GC, (b) Specimen GCMIS2, (c) Specimen
GCDES2, and (d) Specimen GCHYS2b
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6.4.5 Bond versus free-end slip behaviour
Results of pull-out tests are shown in Table 6.7. The axial load and free-end slip were
obtained directly from the 500 kN Universal Instron testing machine. To record the axial
load and the free-end slip, an electronic data acquisition system was used.
Table 6.7 Results of pull-out tests for geopolymer concrete mixes
Non-corroded specimens

GC

16.46

Slip at
maximum
bond stress
(mm)
1.96

GCMIS1

21.12

2.46

8.30

2.02

GCMIS1.5

21.87

2.55

8.98

2.32

GCMIS2

22.76

2.98

10.26

2.89

GCDES1

20.56

2.44

7.38

1.42

GCDES1.5

21.22

2.60

7.68

1.48

GCDES2

21.87

2.68

8.63

2.14

GCHYS2a

22.88

2.94

10.75

2.68

GCHYS2b

27.32

3.36

16.71

3.22

GCHYS2c

23.87

3.06

11.75

2.52

Concrete mix

Maximum
bond stress
(MPa)

Corroded specimens
Maximum
bond stress
(MPa)
5.85

Slip at
maximum
bond stress
(mm)
1.35

The behaviour of bond stress versus free-end slip comprises three stages as shown in
Figure 6.10. In the first stage (stage I), the bond stress increased until the chemical
adhesion is exhausted and slips occurred between the steel bar and the concrete. This
stage is limited by the tensile strength of the concrete. The bond stress-slip response
remains linear during the first stage. In the second stage (stage II), when the applied axial
load increased towards the maximum bond stress, the rate of slip started to increase and
the bond stress-slip response became distinctly non-linear. The second stage corresponds
to the occurrence of micro-cracking in the concrete specimens. In the last stage (stage
III), the specimen reached the maximum bond stress and some longitudinal splitting
cracks developed parallel to the steel bar. In this stage, the bond stress decreased with the
increase of the slip.
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Figure 6.10 General behaviour of bond stress versus slip
Figure 6.11 shows typical bond stress versus free end slip for non-corroded concrete
specimens. It can be seen from Figure 6.11 that the maximum bond stress of non-corroded
Specimen GC was 16.46 MPa with a corresponding slip of 1.96 mm. The addition of
MIS, DES and HYS fibres to the geopolymer concrete increased the maximum bond
stress and the corresponding slip (Table 6.7). The addition of 1%, 1.5% and 2% by volume
of MIS fibre increased the maximum bond stress by 28.3%, 32.9% and 38.3%,
respectively. The addition 1%, 1.5% and 2% by volume of DES fibre increased the
maximum bond stress by 24.9%, 28.9% and 32.8%, respectively. Also, the addition of
MIS and DES fibre increased the slip corresponding to the maximum bond stress
noticeably. The slip corresponding to the maximum bond stress of fibre reinforced
geopolymer concrete with MIS fibre of 1%, 1.5% and 2% by volume increased by 25.5%,
30.1% and 52.1%, respectively. The slip corresponding to the maximum bond stress of
fibre reinforced geopolymer concrete with DES fibre of 1%, 1.5% and 2% by volume
increased by 24.5%, 32.7% and 36.7%, respectively. Finally, the addition of hybrid steel
fibre increased the maximum bond stress significantly. The improvement of the bond
stress ranged from 39% (GCHYS2a) to 65.9% (GCHYS2b). Specimen GCHYS2b
achieved the highest bond stress of geopolymer concrete.
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(a) Specimens GC and GCMIS
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(b) Specimens GC and GCDES
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(c) Specimens GC and GCHYS
Figure 6.11 Bond stress versus slip for non-corroded: (a) Specimens GC and GCMIS,
(b) Specimens GC and GCDES, and (c) Specimens GC and GCHYS
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The slip corresponding to the maximum bond stress of Specimen GCHYS2b was 71.4%
higher than the slip corresponding to the maximum bond stress of Specimen GC. It is
apparent that the highest increase in the bond stress of geopolymer concrete was achieved
by the addition of HYS fibre. This is due to the highest increase in the strength of
geopolymer concrete as a result of the addition of HYS fibre, which affected the bond
strength of the geopolymer concrete effectively.
The bond stress of all the specimens was adversely affected by the corrosion of
reinforcing steel bar. The effect of corrosion on the bond stress versus free-end slip are
shown in Figure 6.12. It can be seen that the bond stress of Specimen GC noticeably
dropped due to the loss of interlocking action between the corroded steel reinforcing bar
and concrete. The maximum bond stress of Specimen GC was 5.85 MPa with the
corresponding slip of 1.35 mm. It was observed that the reduction in the bond stress of
Specimen GC was greater than the reduction in the bond stress of the steel fibre reinforced
geopolymer concrete specimens under the same corrosion condition. This indicates that
the steel fibre reinforced geopolymer concrete specimens exhibited better corrosion
resistance compared to Specimen GC. The main reason for the higher losses of the bond
stress of Specimen GC might be due to the wide longitudinal cracks that were developed
on the specimens, which allowed chloride ions to penetrate quickly into the concrete and
accelerate the rate of corrosion.
The maximum bond stress of fibre reinforced geopolymer concrete with MIS fibre of 1%,
1.5% and 2% by volume increased by 41.9%, 53.5% and 75.38%, respectively, compared
to Specimen GC. The slip corresponding to the maximum bond stress of fibre reinforced
geopolymer concrete with MIS fibre of 1%, 1.5% and 2% by volume increased by 49.6%,
71.8% and 114.1%, respectively. Also, the addition of DES fibre to the geopolymer
concrete with 1%, 1.5% and 2% by volume increased the maximum bond stress by about
26.2%, 31.3% and 47.5%, respectively, compared to Specimen GC. The slip
corresponding to the maximum bond stress of fibre reinforced geopolymer concrete with
DES fibre of 1%, 1.5% and 2% by volume increased by 5.2%, 9.6% and 58.5%,
respectively. In general, the addition of steel fibre in the geopolymer concrete resulted in
an increase in the bond stress. This might be due to the fact that the formation of corrosion
on the surface of steel fibres increased the friction between the steel fibre and the
geopolymer concrete.
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Finally, the addition of HYS fibre increased the maximum bond stress significantly. The
improvement of the bond stress ranged from 83.8% (Specimen GCHYS2a) to 185.6%
(Specimen GCHYS2b). The highest bond stress of geopolymer concrete was achieved by
Specimen GCHYS2b. The slip corresponding to the maximum bond stress was increased
by 138.5%. It can be seen from Figure 6.12 that the HYS fibre reinforced geopolymer
concrete with 1% MIS and 1% DES achieved the highest bond stress for corroded
specimens compared to the geopolymer concrete specimens with other types of steel
fibres. This can be attributed to the high volume fraction of steel fibres with different
shapes and sizes which led to the increase in the availability of fibres crossing the cracked
section. Hence, greater efficiency in delaying the growth of micro and macro cracks was
obtained. Therefore, the highest improvement in the bond stress of geopolymer concrete
specimens with HYS fibres was achieved.
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Figure 6.12 Bond stress versus slip for corroded: (a) Specimens GC and GCMIS, (b)
Specimens GC and GCDES, and (c) Specimens GC and GCHYS
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6.5 Conclusions
An experimental study was carried out to evaluate the effect of corrosion on the bond
behaviour of reinforcing steel bars embedded in steel fibre reinforced geopolymer
concrete. Based on the results of the experimental investigations, the following
conclusions can be drawn:
1. The addition of MIS, DES, and HYS fibres significantly improved the compressive
strength and splitting tensile strength of geopolymer concrete mixes. The addition of 2%
HYS (1% MIS and 1% DES) fibre by volume achieved the highest compressive strength
and splitting tensile strength. All steel fibre reinforced geopolymer concrete specimens
failed due to the splitting of concrete along the bonded length of reinforcing steel bar. The
splitting failure occurred when the reinforcing steel bar reached the peak axial load, and
cracks generated parallel to the applied axial load on the front face of the specimens as
the bar pulled out. The failure of control plain geopolymer concrete specimen occurred
due to the pull-out of the reinforcing steel bar. The pull-out failure occurred when the
reinforcing steel bar reached the peak axial load and pulled out from the specimen without
splitting on any face of the concrete.
2. Due to accelerated corrosion process, the maximum measured cracks width was in the
range of 0.15-0.25 mm and maximum measured crack depth was in the range of 1.5-4.5
mm for control plain geopolymer concrete specimen. However, only micro cracks were
noticed on the steel fibre reinforced geopolymer concrete specimens.
3. The steel fibre reinforced geopolymer concrete specimens showed good resistance to
chloride attack than control plain geopolymer concrete specimen. The addition of steel
fibres to the geopolymer concrete significantly enhanced the bond stress and improved
the corrosion resistance of the specimens.
4. The bond strength of the tested specimens increased with the increase in the volume
content of steel fibres in the geopolymer concrete. The addition of 2% MIS, 2% DES and
2% HYS (1% MIS and 1% DES) fibres by volume achieved an increase in the bond
strength by 38.27%, 32.86% and 65.98%, respectively, compared to the control plain
geopolymer concrete specimen (Specimen GC). Due to the accelerated corrosion process,
the bond strength of fibre reinforced geopolymer concrete with 2% MIS, 2% DES and
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2% HYS (1% MIS and 1% DES) fibres by volume reduced by 54.92%, 60.54% and
38.84%, respectively.
The steel fibre reinforced geopolymer concrete exhibited better resistance to corrosion
induced damage than plain geopolymer concrete specimens. The addition of steel fibres
to the geopolymer concrete provided positive effects on the control of the corrosion of
steel bar and concrete cracking. Steel fibres in geopolymer concrete led to smaller and
more closely spaced cracks, which reduced the permeability of the geopolymer concrete.
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Preamble
Several research studies have been carried out over the last few decades to investigate the
mechanical properties of geopolymer concrete. However, only a few research studies
have been conducted on the behaviour of geopolymer concrete columns. Most previous
studies examined heat cured geopolymer concrete, which limited the application of
geopolymer concrete to pre cast constructions. Therefore, more studies on the behaviour
of geopolymer concrete columns cured under ambient curing conditions are needed. Note
that none of the published research studies investigated the behaviour of ambient cured
geopolymer concrete columns with steel fibres under different loading conditions.
In this chapter, experimental studies were carried out to investigate the behaviour of
ambient cured steel fibre reinforced geopolymer concrete columns under axial and
flexural loads. The effects of the addition of three types of steel fibres (straight micro steel
fibre, deformed macro steel fibre and hybrid steel fibre) and the loading conditions
(concentric axial load, eccentric axial load and four-point bending) on the performance
of ambient cured geopolymer concrete specimens were investigated. The following
sections discuss the experimental program and the test results in more detail.
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7.1 Abstract
This study investigates the behaviour of ambient cured geopolymer concrete column
specimens reinforced with steel fibres under different loading conditions. Three types of
steel fibres (straight micro steel fibre, deformed macro steel fibre and hybrid steel fibre)
were used in reinforcing the geopolymer concrete column specimens. Also, geopolymer
concrete column specimens without steel fibre were tested as reference column
specimens. Sixteen circular geopolymer concrete column specimens of 150 mm diameter
and 600 mm height were cast and tested. The influences of the addition of different types
of steel fibres and the loading conditions (concentric axial load, eccentric axial load and
four-point bending) on the performance of the geopolymer concrete column specimens
were investigated. The test results showed that the peak axial load and bending moment
of fibre reinforced geopolymer concrete column specimens were higher than those of the
geopolymer concrete column specimens without steel fibres under different loading
conditions. Also, the addition of different types of steel fibres resulted in significant
improvements in the ductility of the geopolymer concrete column specimens. The
addition of hybrid steel fibre showed the highest improvement in the peak axial load,
bending moment and the ductility of ambient cured geopolymer concrete column
specimens.
7.2 Introduction
Concrete is one of the main common construction materials used in the world. The
primary material used in the production of concrete is cement. However, the manufacture
of cement is associated with the emission of greenhouse gases to the atmosphere causing
global warming. It is estimated that the production of one tonne of cement releases nearly
one tonne of carbon dioxide (CO2) into the atmosphere (Wallah 2010; Farhan et al.
2018a). Globally, the production of cement contributes about 5-7% of total CO2 emissions
into the atmosphere (McLellan et al. 2011). The emission of CO2 into the atmosphere
causes serious adverse environmental impacts, which attracted a significant amount of
research attention in recent years. The use of alternative binders such as industrial byproducts in concrete can be a promising solution in reducing the adverse environment
impact.
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The most common industrial by-products used as binders are ground granulated blast
furnace slag (GGBS) and fly ash (FA). These industrial by-products are used as a partial
replacement of cement to enhance the mechanical, chemical, and physical properties of
concrete. In recent years, a significant number of research studies investigated the
replacement of 100% cement in concrete with industrial by-products. The total
replacement of cement with industrial by-products will reduce the CO2 emissions
significantly.
Davidovits (2005) reported that the chemical reaction between alkaline components with
alumina (Al2O3) and silica (SiO2) produced binders similar to cement binder. As the
chemical reaction took place in the geopolymerisation process, the new binder was termed
as ‘geopolymer’ (Davidovits 2005). Geopolymer is an inorganic aluminosilicate polymer
produced by alkali activation of industrial by-products, which are rich in Al2O3 and SiO2
in the presence of sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions as
an alkaline activator. Concrete produced using aluminosilicate polymers as a binder is
known as geopolymer concrete. The use of geopolymer concrete in the construction of
structures may result in significant environmental and economic benefits due to the use
of large quantities of industrial by-products (Bakharev 2005a; Bakharev 2005b).
The geopolymer concrete as a new construction material has numerous advantages such
as higher mechanical properties, higher fire resistance, low creep and low shrinkage than
conventional concrete. Geopolymer concrete possesses similar or superior chemical
resistances against chlorides, acids and sulphates compared to conventional concrete (Li
et al. 2004; Rangan 2008; Kong and Sanjayan 2010; Palomo et al. 1999). Most of the
research studies available in the literature investigated the use of heat cured geopolymer
concrete in the structures. However, heat curing is associated with additional cost and
also limits the use of geopolymer concrete to only pre-cast constructions (Hadi et al.
2017a). The cost saving due to ambient curing of geopolymer concrete, along with the
reduction in the CO2 emissions and simplification of the manufacturing process for cast
in-situ applications, is a major driver in the development of geopolymer concrete under
ambient curing conditions (Hadi et al. 2017a).
One of the major challenges for the use of geopolymer concrete in the construction of
structures is that geopolymer concrete is brittle with low tensile and flexural strengths
(Natali et al. 2011; Bhutta et al. 2017; Shaikh 2013a). Davidovits (1991) investigated the
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use of steel fibres in geopolymer concrete to reduce the brittleness of geopolymer
concrete. Afterwards, several research studies investigated the addition of different types
of fibres including cotton fibres (Alomayri et al. 2014), polypropylene fibres (Ranjbar et
al. 2016a), polyvinyl alcohol fibres (Yunsheng et al. 2008), and steel fibres (Farhan et al.
2018b; Shaikh 2013b) in geopolymer concrete to reduce the brittleness of geopolymer
concrete. The addition of steel fibres significantly reduced the brittleness of geopolymer
concrete by increasing the tensile and flexural strengths, toughness and energy absorption
capacities of geopolymer concrete. Steel fibres improved the load carrying capacity, the
rate of crack growth and crack width, and cracking strength of fibre reinforced
geopolymer concrete. This is because the addition of steel fibres in geopolymer concrete
resulted in higher clamping pressure and friction (Shaikh 2013b; Ranjbar et al. 2016b).
The efficiency of the steel fibres in geopolymer concrete depends on several factors
including the volume content of the fibres, geometry of steel fibre, aspect ratio of the
fibres and tensile strength of fibres (Aydın 2013).
Most of the research studies available in the literature investigated the basic engineering
properties of geopolymer concrete such as material characteristics, effects of source
material on engineering properties, and the physical and chemical properties of
geopolymer concrete (Duxson et al. 2007). However, only a few studies investigated the
behaviour of geopolymer concrete structural members. Sumajouw et al. (2005)
investigated the behaviour of reinforced geopolymer concrete beams. The study showed
that the failure mode and the load carrying capacity of geopolymer concrete beams tested
in flexure were similar to those of conventional concrete beams. Chang (2009) studied
the shear behaviour of geopolymer concrete beams. The test results showed that the
failure modes and cracks pattern in geopolymer concrete beams were generally similar to
the conventional reinforced concrete beams. The bond behaviour of reinforcing bars in
geopolymer concrete beam was investigated in Sofi et al. (2007). Test results showed that
all geopolymer concrete beam specimens failed by splitting of geopolymer concrete
surrounding the bar and the bond strength increased with a decrease in the reinforcing bar
size. Sarker (2011) also investigated the bond strength of geopolymer and conventional
concrete beams. It was found that failure in both geopolymer and conventional concrete
beams occurred with the splitting of concrete in the region bonded with a steel bar and
the bond strength was higher in geopolymer concrete beams compared to conventional
concrete beams.
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Sumajouw et al. (2007) investigated the behaviour of geopolymer concrete columns under
axial load and uniaxial bending. It was found that the ultimate axial load capacity
increased with the decrease in the axial load eccentricity. The ultimate load capacity also
increased with an increase in the concrete compressive strength. Recently, Sarker (2009)
studied the load-deformation behaviour of geopolymer concrete columns. The test results
showed that the failure mode and the load carrying capacity of geopolymer concrete
columns were similar to those of conventional concrete columns. The test results
indicated a promising scope in the application of geopolymer concrete in the construction
of structural members.
Despite significant benefits of the use of geopolymer concrete in the construction of
structural members, the research on geopolymer concrete in structural members is still
limited (Sumajouw et al. 2007). More studies on the use of geopolymer concrete into
main structural members (i.e., columns and beams) are needed. Most of the available
research studies discussed the behaviour of heat cured geopolymer concrete members.
However, heat curing limits the application of geopolymer concrete to mostly in the precast constructions. Therefore, it is necessary to investigate the behaviour of ambient cured
geopolymer concrete columns subjected to different types of loading. Also, the behaviour
of fibre reinforced geopolymer concrete columns under different loading conditions has
not been adequately investigated. This study investigates the behaviour of ambient cured
circular geopolymer concrete columns reinforced with different types of steel fibres under
different loading conditions.
7.3 Experimental program
7.3.1 Description of the experimental program
The experimental program consisted of 16 circular specimens of 150 mm diameter and
600 mm height. All the specimens were reinforced with the same amount of longitudinal
and transverse reinforcement. For longitudinal reinforcement, six deformed steel bars of
10 mm diameter (6 N10) with 500 MPa nominal tensile strength were used. For transverse
reinforcement, round plain steel bars of 8 mm diameter at 40 mm pitch (R8 @ 40 mm)
with 250 MPa nominal tensile strength were used. The clear concrete cover was 20 mm
on the sides and 15 mm at the top and bottom ends of the specimens. Farhan et al. (2018b)
investigated the optimum volume fraction of steel fibres for improving the mechanical
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properties of ambient cured geopolymer concrete. Three types of steel fibres, i.e., straight
micro steel fibre, deformed macro steel fibre and hybrid steel fibre were added to the
geopolymer concrete mixes. Significant improvements in the mechanical properties of
geopolymer concrete were observed for the addition of 2% by volume of all three types
of steel fibre. Hence, in this study, 2% by volume of steel fibre was added in the fibre
reinforced geopolymer concrete specimens.
The specimens in this study were divided into four groups with four specimens in each
group. The first group (Group REF) consisted of plain geopolymer concrete specimen.
The specimens in the first groups were prepared as reference specimens for comparisons.
The second group (Group MIS) consisted of geopolymer concrete specimens with 2% by
volume straight micro steel fibres. The third group (Group DES) consisted of geopolymer
concrete specimens with 2% by volume deformed macro steel fibres. The fourth group
(Group HYS) consisted of geopolymer concrete specimens with 2% by volume hybrid
steel fibres (i.e., a combination of 1% by volume of straight micro steel fibres and 1% by
volume of deformed macro steel fibres). Table 7.1 presents the test matrix of the
geopolymer concrete specimens.
The dimensions, reinforcement scheme and configuration of the specimens are shown in
Figure 7.1. The first specimens of each group were tested under concentric axial load.
The second and the third specimens of each group were tested under eccentric axial load
with eccentricities of 15 mm and 35 mm, respectively. The fourth specimen of each group
was tested as a beam under four-point bending in order to assess the pure flexural
behaviour of the specimens. The loading conditions used in this study were chosen to be
suitable for the testing facilities in the Structural Engineering Laboratory at the University
of Wollongong, Australia. The specimens are identified by a series of letters and a number
or the letter F corresponding to the type of steel fibre and loading conditions (Table 7.1).
The first three letters in each specimen label refer to the type of the steel fibre. The
numbers or the letter F afterwards in each specimen label represent to the loading
condition, i.e., 0 refers to a concentric axial load, 15 and 35 refer to axial loads with 15
mm and 35 mm eccentricity, respectively. The letter “F” refers to the four-point bending.
For example, Specimen MIS35 represents the geopolymer concrete specimen reinforced
with 2% straight micro steel fibre and tested under 35 mm eccentric axial load.

205

Table 7.1 Test matrix
Group

Specimen

Type and
ratio of
fibres

Longitudinal
reinforcement

Transverse
reinforcement

REF0
REF

REF15

-------

6N10

R8@40-mm

REFF

Flexural

MIS15
MISF
DES0
DES15
DES35
DESF

Straight
micro steel
fibres 2%
by volume
Deformed
macro steel
fibres 2%
by volume

Concentric
6N10

R8@40-mm

HYS15
HYS35

15
35
Flexural
Concentric

6N10

R8@40-mm

15
35
Flexural

HYS0
HYS

15
35

MIS35

DES

Concentric

REF35
MIS0
MIS

Axial load
eccentricity
(mm)

Concentric
Hybrid steel
fibres 2%
by volume

6N10

R8@40-mm

15
35

HYSF

Flexural
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150

Pitch 40

Testing region

Pitch 40

600

Testing region

600

CFRP Sheet

CFRP Sheet

150

6 N 10

6 N 10

R8 @ 40

150

150

R8 @ 40

(a)

(b)
600

166.67

166.67

6 N 10

R8 @ 40

150

166.67

CFRP Sheet

Pitch 40

CFRP Sheet

(c)
Figure 7.1 Reinforcement details and dimensions: (a) Specimens without steel fibres (b)
Specimens with steel fibres and (c) Specimens tested under four-point bending
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7.3.2 Materials and mix proportions
In this study, all specimens were cast using geopolymer concrete with a design
compressive strength of 44 MPa at 28 days. Table 7.2 shows the mix proportions of
geopolymer concrete adopted from a previous study by Hadi et al. (2017a). The
components of the geopolymer concrete mix were ground granulated furnace slag
(GGBS), low calcium fly ash (FA), alkaline activator, coarse aggregates, fine aggregates,
water and superplasticizer. The alkaline activator used in this study was a combination of
sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) solutions. The alkaline
activator consisted of a mixture of 14 M sodium hydroxide (NaOH) and sodium silicate
(Na2SiO3) solution. The Na2SiO3 solution with a modulus ratio (Ms) of 2 (Ms =
SiO2/Na2O; SiO2 = 29.4% and Na2O = 14.7%) was used. In this study, coarse aggregate
with a maximum aggregate size of 10 mm and river sand as the fine aggregate were used.
High range water reducer (commercially available as Glenium 8700) was used to improve
the workability of the geopolymer concrete.
Table 7.2 Mix proportion of geopolymer concrete (Hadi et al. 2017a)
Mix

Quantity

FA (kg/m3)

225

GGBS (kg/m3)

225

Al/Binder

0.35

Aggregate (kg/m3)

1164

Sand (kg/m3)

627

Na2SiO3/NaOH

2.5

Na2SiO3 (kg/m3)

112.5

NaOH (kg/m3)

45

NaOH (mole/liter)

14

Superplasticizer (kg/m3)

22.5

Water (kg/m3)

45
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Two different sizes of steel bars were used in reinforcing geopolymer concrete specimens:
10 mm deformed steel bar (N10) were used as longitudinal reinforcement and 8 mm round
plain steel bar (R8) were used as transverse reinforcement. In this study, three types of
steel fibres were used i.e., straight micro steel fibres, deformed macro steel fibres and
hybrid steel fibres. The straight micro steel fibres were 6 mm in length (l) and 0.2 mm in
diameter (d). The aspect ratio (l/d) of straight micro steel fibre was 30 with a nominal
tensile strength of 2600 MPa (Ganzhou 2018). The deformed macro steel fibres were 18
mm in length (l) and 0.55 mm in diameter (d). The aspect ratio (l/d) of deformed macro
steel fibre was 33 with a nominal tensile strength of 800 MPa (Fibercon Australia 2018).
Hybrid steel fibres were a combination of equal amount (by volume) of straight micro
steel fibres and deformed macro steel fibres. The straight micro steel fibres were provided
by Ganzhou Daye Metallic Fibres Company, China (Ganzhou 2018) and the deformed
macro steel fibres were provided by Fibercon Company, Australia (Fibercon Australia
2018).
7.3.3 Preparation and casting of specimens
The formwork used for casting the geopolymer concrete specimens was polyvinyl
chloride (PVC) pipes. The PVC pipes of 150 mm inner diameter and 600 mm height were
cleaned and placed in a wooden frame. The wooden frame was used to hold the PVC
pipes vertically and to prevent the movement during the casting of specimens. The
longitudinal steel reinforcement bars were cut in lengths of 570 mm to ensure a clear
concrete cover of 15 mm at the top and bottom of the specimens. The steel helices were
fabricated by forming a coil with 110 mm outer diameter at 40 mm pitch (Figure 7.2a).
Six small steel pins with 15 mm length were welded at the top and bottom of the
longitudinal reinforcing bars to provide a clear concrete cover of 15 mm at the ends of
specimens. Also, six small steel pins of 20 mm length were welded at the sides of helices
to maintain 20 mm clear cover on the sides of the specimens (Figure 7.2a). Afterwards,
the reinforcement cages were placed in the PVC moulds (Figure 7.2b).
The pan mixer available in the Structural Engineering Laboratory of the School of Civil,
Mining and Environmental Engineering, University of Wollongong, Australia was used
for mixing the geopolymer concrete. As the capacity of the laboratory pan mixer was only
0.1 m3, four individual batches of geopolymer concrete were made. One batch of
geopolymer concrete was sufficient for the four specimens in one group.
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(a)

(b)

Figure 7.2 Fabrication of ambient cured fibre reinforced geopolymer concrete specimen:
(a) Steel cages and (b) Steel cages inside the PVC moulds
The dry materials including binder (GGBS+FA), coarse aggregate, and fine aggregate
were first mixed for about 3 minutes. At the end of dry mixing, alkaline activator was
slowly added into the mixer and then superplasticizer and water were added to the mixer.
The mixing continued for further 5 minutes. The geopolymer concrete mix was poured
directly from the pan mixer into the PVC moulds of Group REF specimens. For the
specimens in Groups MIS, DES and HYS, after the ingredients were thoroughly mixed,
steel fibres were gradually added into the wet mix and continued mixing until the steel
fibres were uniformly distributed in the geopolymer concrete mixes. Afterwards, the fibre
reinforced geopolymer concrete was poured into the PVC moulds prepared for Groups
MIS, DES and HYS specimens. The specimens were cast and compacted in three stages.
Each stage was internally vibrated using an electric vibrator to remove air voids and to
compact the fresh geopolymer concrete. The specimens were then kept under ambient
conditions until the day of testing.
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7.3.4 Preliminary tests
Preliminary tests included chemical composition of GGBS and FA, the compressive
strength of geopolymer concrete and tensile strength of steel bars. The X-Ray Fluorescent
(XRF) was used to analyse the chemical composition of GGBS and FA. The chemical
analysis of GGBS and FA was conducted at the School of Earth and Environmental
Sciences at the University of Wollongong, Australia. The chemical compositions of
GGBS and FA are shown in Table 7.3. The FA had less than 5% calcium oxide (CaO)
and the sum of SiO2, Al2O and Fe2O3 content were higher than 70% and hence can be
classified as Type ‘F' low-calcium fly ash according to ASTM C618-08 (ASTM 2012).
Table 7.3 The chemical composition (mass %) for GGBS and FA

a

Component

GGBS

FA

SiO2

32.40

62.2

Al2O3

14.96

27.5

Fe2O3

0.83

3.92

Cao

40.70

2.27

MgO

5.99

1.05

K2O

0.29

1.24

Na2O

0.42

0.52

TiO2

0.84

0.16

P2O5

0.38

0.30

Mn2O3

0.40

0.09

SO3

2.74

0.08

LOIa

NA

0.89

LOI: Loss on ignition

The geopolymer concrete cylinders of 100 mm diameter and 200 mm height were cast
and tested at 7 and 28 days according to AS 1012.9-1999 (AS 1999). The average
compressive strengths from testing three plain geopolymer concrete cylinders at 7 and 28
days were 42.3 and 44.6 MPa, respectively. The stress-strain behaviour of geopolymer
concrete was significantly influenced by the addition of steel fibres. Both the ascending
and descending branches of the stress-strain curves were influenced by the addition of
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steel fibres, although the descending branch of the stress-strain curve was influenced
significantly. A detailed discussion of the stress-strain relationship of steel fibre
reinforced geopolymer concrete under compression was presented in Farhan et al.
(2018b).
Five specimens each of N10 deformed steel bar and R8 plain steel bar with 500 mm
length were tested in tension using an Instron 500 kN testing machine according to AS
1391-2007 (AS 2007) as shown in Figure 7.3. The average tensile yield strengths of N10
deformed steel bar and R8 plain steel bar were 585 MPa and 468 MPa, respectively.
Figure 7.4 illustrates the stress-strain behaviours curves of N10 and R8 steel bars.

(a)

(b)

Figure 7.3 Tensile test of the steel bars: (a) N10 deformed steel bar; and (b) R8 plain
steel bar
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Figure 7.4 Stress-strain behaviour of N10 and R8 steel bars
7.3.5 Testing procedure
Before testing, both ends of the specimens were externally wrapped with two layers of
Carbon Fibre Reinforced Polymer (CFRP) sheets to prevent the premature failure at the
ends of the specimens. The width and the nominal thickness of CFRP sheets were 75 mm
and 0.5 mm, respectively. In addition, both the top and bottom surfaces of the column
specimens were capped with a thin layer of high-strength plaster to ensure a uniform
distribution of loads during the test. All geopolymer concrete specimens were tested using
the Denison compression testing machine with a compressive load capacity of 5000 kN.
The loading heads consisted of circular steel plate adapter with steel ball joint. For
eccentric axial load, the steel overhang edges were used to transfer the axial load from
the testing machine into the specimen in the form of 15 mm and 35 mm eccentric axial
load as shown in Figure 7.5a. For concentric axial load, only the steel plates were used to
transfer the axial load from the testing machine to the specimen. The four-point bending
system consisted of two steel circular rigs at the top and bottom of the specimens tested
as beams. The clear span of beam specimens was 500 mm and the spacing between the
two point loads was 166.6 mm as shown in Figure 7.5b. The axial deformation in the
specimens was measured using two Linear Variable Differential Transducers (LVDTs),
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which were vertically attached to the testing machine at two opposite corners between the
supporting steel plate and the loading plate. For specimens tested under eccentric axial
loads, a laser triangulation was used to measure the lateral deformation. The laser
triangulation was placed at the mid-height of the specimens. For specimens tested under
four-point bending, a laser triangulation was put below a hole at the midspan of the
bottom steel rig to measure the midspan deflection.
The specimens were preloaded at 2 kN/s to 80 kN (force controlled) and then the
specimens were unloaded to 20 kN at the same rate to prevent any movement that might
have occurred during the test. Afterwards, the test was resumed at a rate of 0.003 mm/s
until the failure of the specimens. The applied load and deformation/deflection of the
specimens were recorded during the test via the internal load cell of the testing machine.
The LVDTs and laser triangulation were connected to a data logger to record the data
during the test at every 2 seconds. Figure 7.6 shows the typical test setup of the column
and beam specimens.
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(a)

(b)
Figure 7.5 Testing of specimens: (a) Columns under eccentric load; and (b) Beams
under four-point bending
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(b) Eccentric axial load

(a) Concentric axial load

(c) Four-point bending
Figure 7.6 Typical test setup: (a) Concentric axial load (b) Eccentric axial load and (c)
Four-point bending
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7.4 Experimental results and analysis
7.4.1 General behaviour of specimens
In general, all geopolymer concrete specimens were tested under monotonically
increasing load until failure. The axial load-axial deformation responses of all tested
specimens can be divided into the three phases as shown in Figure 7.7. The initial phase
represents the capacity of the gross cross-sectional area of the specimen (the area of the
reinforced concrete core plus the area of concrete cover) before the spalling of the
concrete cover. During this phase, the steel fibres and the transverse reinforcement had
no or little effect on the behaviour of the specimens.

Figure 7.7 General axial load-axial deformation behaviour of specimens and the
calculation of ductility
The second phase indicates the drop in the axial load after the peak axial load due to the
spalling of geopolymer concrete cover. The third phase represents the load-deformation
behaviour after spalling or disintegration of the geopolymer concrete cover. During this
phase, the behaviour of the specimens is influenced by the presence of steel fibre,
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longitudinal and transverse reinforcement, and the pitch of the transverse reinforcement.
The addition of steel fibre positively influenced the post-peak load-deformation
behaviour of the ambient cured geopolymer concrete specimens through the softening of
the descending branch of the load-deformation curve and preventing a sudden failure.
The ductility (μ) of specimens was calculated as the ratio of the deformation at 85% of
peak load (δu) and the yield deformation (δy) (Hadi 2009). The deformation corresponding
to 85% of the peak load in the post peak response represents the ultimate deformation
(δu). To calculate yield deformation (δy), a best-fit regression line to the ascending part of
load-deformation curves and a horizontal line corresponding to the peak load were drawn.
The deformations corresponding to the intersection point between the two lines represents
the yield deformation (δy) (Figure 7.7). The ductility of the tested specimens has been
calculated as:

Ductility (𝜇) =

𝛿𝑢
𝛿𝑦

(7.1)

7.4.2 Failure modes of specimens
All the geopolymer specimens were tested to failure. The failure modes of the specimens
tested under concentric axial load, 15 mm eccentric axial load, 35 mm eccentric axial
load, and four-point bending are shown in Figures 7.8 and 7.9. The main parameters that
influenced the failure modes of the tested specimens are the presence of steel fibres and
loading conditions. For the columns specimens subjected to a concentric axial load,
reference Specimen (REF0) exhibited spalling of the concrete cover at the mid-height
after the peak axial load. The fibre reinforced Specimens (Specimens MIS0, DES0 and
HYS0) exhibited no cover spalling; only cracks formed in the concrete cover after the
peak axial load. At the end of the test, Specimen REF0 exhibited almost complete spalling
of concrete cover, while only cracking of the concrete cover occurred in Specimens MIS0,
DES0 and HYS0. The failure of all column specimens under concentric axial load was
initiated by the buckling of the longitudinal steel bars followed by the crushing of the
geopolymer concrete core and the fracture of the steel helices.
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HYS0
REF0

DES0

MIS0

(a) Specimen under concentric axial load

MIS15

DES15
HYS15

REF15

(b) Specimen under 15 mm eccentric axial load
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REF35
MIS35

DES35
HYS35

(c) Specimen under 35 mm eccentric axial load
Figure 7.8 Failure modes of the ambient cured fibre reinforced geopolymer concrete
column specimens tested under concentric, 15 mm eccentric, and 35 mm eccentric axial
load
The average strains in the longitudinal steel bars indicated that the longitudinal steel bars
yielded at the maximum axial load. For the column specimens subjected to an eccentric
axial load, the failure of all specimens was initiated by the crushing of the geopolymer
concrete in the compression side accompanied by cracks on the tension side. Afterwards,
all specimens exhibited buckling of the longitudinal steel bars on the compression side.
Finally, the longitudinal steel bars ruptured in the tension side. The failure of the
specimens tested under four-point bending started with the crushing of the geopolymer
concrete in the compression region at midspan of the specimens. Afterwards, the
longitudinal steel bars ruptured in the tension region.
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Figure 7.9 Failure modes of the specimens tested under four-point bending
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7.4.3 Behaviour of specimens tested under concentric axial load
One specimen in each group was tested under concentric axial load. Figure 7.10 presents
the axial load-axial deformation behaviour of Specimens REF0, MIS0, DES0 and HYS0.
In general, the initial ascending part of the axial load-axial deformation curves of the
specimens tested under concentric axial load was almost linear until the peak axial load.
The initial ascending part was mainly dominated by the compressive strength of
geopolymer concrete. The concrete cover of the specimens did not spall off until reaching
the peak axial load. However, hairline cracks appeared when the specimens reached about
95% of the peak axial load.
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Figure 7.10 Axial load-axial deformation behaviour of ambient cured fibre reinforced
geopolymer concrete specimens tested under concentric axial load

The peak axial load achieved by Specimen REF0 was 1258.3 kN. The peak axial load
sustained by Specimens MIS0, DEF0 and HYS0 were 1390.7 kN, 1275.2 kN and 1441.9
kN, respectively, which were about 10.5%, 1.3%, and 14.6%, respectively, higher than
Specimen REF0. The higher axial load sustained by Specimens MIS0, DES0, and HYS0
was attributed to the presence of different types of steel fibres which led to an increase in
the compressive strength of the geopolymer concrete by restraining the formation of
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cracks. Hence, the axial load carrying capacity was increased significantly. A similar
finding was also reported in Ganesan et al. (2015), which showed that the axial load
carrying capacity of steel fibre reinforced geopolymer concrete columns increased with
the addition of steel fibres. After the peak axial load, Specimen REF0 experienced a drop
in the axial load due to spalling of the concrete cover and Specimens MIS0, DES0, and
HYS0 experienced disintegration of the concrete cover. Afterwards, the concrete cores
sustained lateral expansion, which activated the confining pressure of the steel helices.
Specimen REF0 exhibited a significant decrease in the axial load carrying capacity
immediately after the spalling of the concrete cover because of the fracture of the steel
helices. Specimens MIS0 showed a rapid decline in the descending branch of axial loadaxial deformation curves after the maximum axial load. This might be due to the early
spalling of concrete cover at the mid-height of the specimen. On the other hand,
Specimens DES0 and HYS0 showed a gradual decrease in the axial load carrying capacity
until failure. Due to the presence of steel fibres, the ductility of Specimens MIS0, DES0
and HYS0 was 76.9%, 100% and 146.2%, respectively, higher than Specimen REF0 as
shown in Table 7.4. This shows that the addition of steel fibres into geopolymer concrete
changed the brittle behaviour of geopolymer concrete into a ductile behaviour due to the
confinement effects provided by the steel fibres.
It was observed from the test results that for the addition of low aspect ratio steel fibres
(straight micro steel fibres), the axial load of the specimens increased significantly. For
the addition of high aspect ratio steel fibres (deformed macro steel fibres), the ductility of
the specimens increased significantly. It was also observed that the addition of the
combination of low aspect ratio steel fibres (straight micro steel fibres) and high aspect
ratio steel fibres (deformed macro steel fibres) resulted in a significant increase in the
axial load and ductility of geopolymer concrete specimens. The highest axial load and
ductility of geopolymer concrete specimens was achieved by Specimen HYS0. This
increase in the axial load and ductility was most likely due to the fact that hybrid steel
fibres with different sizes and shapes offered a combination of different restrain
conditions. The micro steel fibres arrested the micro cracks and prevented the expansion
of cracks. The deformed macro steel fibres arrest the macro cracks and substantially
improved the ductility of geopolymer concrete (Farhan et al. 2018b; Li et al. 2017; Hadi
et al. 2017b).
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Table 7.4 Experimental results of column specimens tested under concentric, 15 and 35
mm eccentric axial loads
Specimen

Peak axial
load (kN)

REF0

1258.3

Axial deformation
corresponding to
peak axial load
(mm)
3.7

Lateral deformation
corresponding to
peak axial load
(mm)
---

Ductility
(μ)

REF15

822.9

2.9

1.8

1.1

REF35

479.6

2.8

2.9

1.1

MIS0

1390.7

4.4

---

2.3

MIS15

959.6

3.9

4.5

1.5

MIS35

556.3

3.8

5.6

1.4

DES0

1275.2

4.5

---

2.6

DES15

879.8

3.9

4.5

1.6

DES35

505.3

3.9

5.9

1.5

HYS0

1441.9

4.7

---

3.2

HYS15

979.3

4.2

4.7

1.9

HYS35

576.1

4.1

6.1

1.6

1.3

7.4.4 Behaviour of specimens tested under eccentric axial loads
Specimens REF15, MIS15, DES15 and HYS15 were tested under 15 mm eccentric axial
load and Specimens REF35, MIS35, DES35 and HYS35 were tested under 35 mm
eccentric axial load. Figure 7.11 shows the axial load-axial deformation and axial loadlateral deformation behaviours of the specimens tested under 15 mm eccentric axial load.
The ascending branch of the axial load-deformation curve of the specimens tested under
15 mm eccentric load exhibited a similar behaviour until the peak axial load. This
indicates that the confinement effect provided by the steel helices did not have any
significant effect on the ascending branch of the axial load-deformation behaviour of the
specimens up to the peak axial load. Specimen REF15 sustained a peak axial load of 822.9
kN. The peak axial load sustained by Specimens MIS15, DEF15 and HYS15 were 959.6
kN, 879.8 kN and 979.3 kN, respectively. The peak axial load of Specimens MIS15,
DEF15 and HYS15 were about 16.6%, 6.9% and 19%, respectively, higher than the peak
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axial load sustained by Specimen REF15. The ductility of Specimens MIS15, DEF15 and
HYS15 were 36.3%, 45.4% and 72.7% higher, respectively, than the ductility of
Specimen REF15 (Table 7.4). This was an indication of the effect of different types of
steel fibres on the axial load and the ductility of the specimens. The highest axial load and
ductility of geopolymer concrete specimens tested under 15 mm eccentric axial load was
achieved by Specimen HYS15. This may be because concrete with different types and
shapes of steel fibres offered a combined effect to bridge and delay in the formation of
micro cracks and arrest the propagation of macro cracks.
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Figure 7.11 Axial load-axial deformation and axial load-lateral deformation behaviour
of ambient cured fibre reinforced geopolymer concrete specimens tested under 15 mm
eccentric axial load
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The axial load-axial deformation and axial load-lateral deformation behaviours of the
specimens tested under 35 mm eccentric axial load are shown in Figure 7.12. For the
specimens tested under 35 mm eccentric axial load, the behaviour of the ascending branch
of the axial load-deformation curves were slightly affected by the confinement provided
by the steel helices and different types of steel fibres. The peak axial load sustained by
Specimens REF35 was 479.6 kN. The axial loads achieved by Specimens MIS35, DES35,
and HYS35 were 556.3 kN, 505.3 kN and 576.1 kN, respectively. The axial load achieved
by Specimens MIS35, DEF35 and HYS35 were about 16%, 5.4% and 20.1%,
respectively, higher than the axial load achieved by Specimen REF35. Specimens MIS35,
DES35, HYS35 achieved 27.3%, 36.4%, and 45.5% higher ductility, respectively than
Specimen REF35 (Table 7.4). The addition of different types of steel fibres in the
geopolymer concrete specimens tested under 35 mm eccentric axial load led to a
significant enhancement in the ductility of the geopolymer concrete columns specimens.
The highest axial load and ductility of geopolymer concrete specimens tested under 35
mm eccentric axial load were obtained by Specimen HYS35. This is particularly because
the concrete with different types and shapes of steel fibre provided the ability of the hybrid
steel fibres to arrest cracks at both micro and macro levels. Consequently, the axial load
and ductility of geopolymer concrete specimens increased. For all specimens, it was
found that increasing the eccentricity of the applied axial load from concentric axial load
to 15 and 35 mm eccentric axial load resulted in a reduction in the peak axial load and
ductility. The highest reduction in peak axial load was exhibited by Group REF specimens
compared to Groups MIS, DEF and HYS specimens. This may be because Group REF
specimens exhibited almost complete spalling of concrete cover, while only cracking of
the concrete cover occurred in Groups MIS, DEF and HYS specimens.
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Figure 7.12 Axial load-axial deformation and axial load -lateral deformation behaviour
of ambient cured fibre reinforced geopolymer concrete specimens tested under 35 mm
eccentric axial load
7.4.5 Behaviour of specimens tested under four-point bending
The last specimen from each group was tested under four-point bending. Figure 7.13
presents the flexural load-midspan deflections of the specimens tested as beams under
four-point bending. The experimental results of the tested specimens are shown in Table
7.5. All the specimens tested under four-point bending were reinforced with six 10 mm
diameter longitudinal deformed steel bars (N10) and 8 mm diameter rounded steel (R8)
helices with a pitch of 40 mm. Before testing, both ends of beam specimens were wrapped
by a two layer of Carbon Fibre Reinforced Polymer (CFRP) sheet to prevent shear failure
of the geopolymer concrete beam specimen which might have occurred because of the
small shear span to a depth ratio of the tested specimens. Although the shear failure of
the specimens could have been prevented by reducing the pitch of the steel helices,
reducing the pitch of steel helices to less than 40 mm might have created a separation
plane between the concrete core and the cover.
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Figure 7.13 Flexural load-midspan deflection behaviour of ambient cured fibre
reinforced geopolymer concrete specimens tested under four-point bending
All specimens tested under four-point bending showed a linear load-deformation
behaviour in the ascending branch until the peak load. Specimen REFF achieved a peak
flexural load of 212.9 kN and a midspan deflection corresponding to the peak flexural
load of 5.2 mm. Specimens MISF, DESF and HYSF achieved peak flexural loads of 256.8
kN, 230.2 kN, and 268.3 kN, respectively. Specimens MISF, DESF and HYSF carried
20.6%, 8.1% and 26% higher peak flexural loads, respectively compared to Specimen
REFF. Specimens MISF, DESF and HYSF achieved midspan deflections at peak loads
of 9.3, 6.9 and 7.9 mm, respectively. Specimens MISF, DESF and HYSF exhibited
78.8%, 32.7% and 51.9% higher midspan deflections corresponding to the peak flexural
load, respectively than Specimen REFF. After the peak flexural load, Specimens REFF
showed a drop in the flexural load due to the crushing of the concrete cover at the
compression side of the specimens. Whereas, Specimens MISF, DESF and HYSF
exhibited no significant drop in the flexural load carrying capacity due to the inclusion of
the steel fibres.
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Table 7.5 Experimental results of the specimens tested under four-point bending
Specimen

Peak flexural
load (kN)

REFF

212.9

Midspan deflection at
peak flexural load
(mm)
5.2

Ductility (μ)

MISF

256.8

9.3

3.6

DESF

230.2

6.9

3.7

HYSF

268.3

7.9

4.1

1.4

It was found that the ductility of the specimens tested under four-point bending improved
significantly by the inclusion of the different types of steel fibres. The ductility was higher
by about 157.1%, 164.3% and 192.8% for Specimens MISF, DESF and HYSF,
respectively, compared to the ductility of Specimen REFF. The highest flexural load and
ductility of geopolymer concrete specimens tested under four-point bending obtained by
Specimen HYSF. The reason for the highest increase in the flexural load and ductility can
be attributed to the fact that hybrid steel fibres with different sizes and shapes offered a
combination of different restraint conditions. The presence of micro steel fibres
substantially influenced in bridging micro cracks, while deformed macro steel fibres
significantly influenced in bridging macro cracks. Hence, greater efficiency in delaying
the growth of micro and macro cracks was achieved which improved the flexural load
and ductility of hybrid fibre reinforced geopolymer concrete specimens (Hadi et al.
2017b).
7.5 Experimental axial load-bending moment (P-M) interaction
The experimental axial load-bending moment (P-M) interactions in this study were
plotted based on four points. The first point represents a pure axial load of the column
specimens tested under concentric axial load. The second point and the third point
represent of the specimens tested under eccentric axial loads of 15 mm and 35 mm
eccentricity, respectively. The fourth point represents a pure bending moment capacity of
the specimen obtained from testing the specimens as beams under four-point bending.
For the specimens tested under concentric axial load, the magnitude of the bending
moment was taken a zero. The experimental bending moment at the mid-height of the
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columns specimens tested under 15 and 35 mm eccentric axial loads was calculated
according to Equation (7.2).
M=Ppeak(e+δ )

(7.2)

where M = bending moment capacity, Ppeak = the peak axial load, δ = lateral deformation
corresponding to the peak axial load, and e = axial load eccentricity.
The experimental bending moment at midspan of the specimen tested under four-point
bending was calculated according to Equation (7.3).

𝑀=

𝑃 𝑝𝑒𝑎𝑘 × 𝐿
6

(7.3)

where Ppeak = the peak flexural load under four-point bending and L= the span length
between the supports of the beam specimens.
In this study, the span length of the specimen was 500 mm. The experimental peak axial
load and bending moments of the column and beam specimens are reported in Table 7.6.
Figure 7.14 shows the experimental axial load-bending moment (P-M) interactions of
Groups REF, MIS, DES and HYS. Figure 7.14 shows that the axial load and bending
moment capacity of specimens in Groups MIS, DES and HYS under concentric and
eccentric load were higher than the axial load and bending moment of Specimen REF.
This was because of the effect of the inclusion of different type of steel fibres in the
geopolymer concrete. It was observed that Group HYS achieved the highest axial load
and bending moment capacity under concentric, eccentric, and flexural loads compared
to the other groups. This indicates that the addition of hybrid steel fibre into the
geopolymer concrete led to significant increases in the axial load and bending moment
capacity. This can be attributed to the fact that the concrete with different types and sizes
of steel fibre provided a combined effect in arresting cracks at both micro and macro
levels. Consequently, axial load and bending moment capacity increased significantly.
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Table 7.6 The experimental peak axial load and bending moments of the tested
specimens
Group

Specimen

Peak axial
load (kN)

Lateral deformation
corresponding to
peak axial load (mm)

Bending moment
capacity (kN.m)

REF0

1258.3

---

0

REF15

822.9

1.8

13.8

REF35

479.6

2.9

18.1

REFF

212.9

5.79

17.7

MIS0

1390.7

---

0

MIS15

959.6

4.5

18.7

MIS35

556.3

5.6

22.6

MISF

256.8

14.4

21.4

DES0

1275.2

---

0

DES15

879.8

4.5

17.1

DES35

505.3

5.9

20.7

DESF

230.2

6.8

19.2

HYS0

1441.9

---

0

HYS15

979.3

4.7

19.3

HYS35

576.1

6.1

23.7

HYSF

268.3

7.9

22.3

REF

MIS

DES

HYS
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Figure 7.14 Experimental axial load-bending moment (P−M) interactions of ambient
cured fibre reinforced geopolymer concrete specimens

7.6 Conclusions
In this experimental study, 16 geopolymer concrete specimens were tested under different
loading conditions: four specimens under concentric axial load, four specimens under 15
mm eccentric axial loads, four specimens under 35 mm eccentric axial load and four
specimens under four-point bending. The effects of the inclusion of different types of
steel fibres (straight micro steel fibre, deformed macro steel fibre and hybrid steel fibre)
into geopolymer concrete in the axial load carrying capacity, failure mode, and ductility
of ambient cured fibre reinforced geopolymer concrete column specimens were
investigated. The following conclusions are drawn from the test results presented in this
study:
1. The failure of all ambient cured geopolymer concrete column specimens occurred
around the mid-height of the tested specimens. The failure was initiated by the buckling
of the longitudinal steel bars followed by the rupture of the longitudinal steel bars or
fracture of the steel helices.
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2. The axial load-carrying capacities of ambient cured fibre reinforced geopolymer
concrete column specimens (Groups MIS, DES and HYS) were higher than the axial load
carrying capacities of Group REF specimens under concentric and eccentric axial loads.
Axial load carrying capacity of specimens reduced with the increase in the eccentricity of
the applied axial load. Group HYS specimens carried the highest axial load. Specimen
HYS0 carried 14.6% higher axial load than Specimen REF0. Specimen HYS15 carried
19% higher axial load than Specimen REF15 and Specimen HYS35 carried 20.1% higher
axial load than Specimen REF35.
3. The ductility of the fibre reinforced ambient cured geopolymer concrete column
specimens was greater than the ductility of the REF specimens under both concentric and
eccentric axial loads. Group HYS column specimens achieved the highest ductility
compared to the specimens in other groups under concentric and eccentric axial load. The
ductility of HYS0 specimen was about 146.2% higher than the ductility of REF0
specimen. Specimens HYS15 achieved 72.7% higher ductility than Specimens REF15
and HYS35 achieved 45.5% higher ductility than Specimens REF35.
4. Under four-point bending, Specimen HYSF resisted higher flexural load, followed by
Specimens MISF, DESF, and REFF. Specimen HYSF achieved 26% higher flexural load
than Specimen REFF. Also, the ductility of the fibre reinforced specimens (MISF, DESF
and HYSF) was greater than the ductility of Specimen REFF under four-point bending.
Specimen HYSF achieved the highest ductility compared to the other specimens under
four-point bending. The ductility of Specimen HYSF was about 192.8% higher than the
ductility of Specimen REFF.
From the test results presented in this study, it can be concluded that ambient cured
geopolymer concrete is a promising material to be used in the construction of reinforced
concrete columns. The use of steel fibre in geopolymer concrete can enhance the peak
axial load and ductility of the concrete columns under different loading conditions. The
inclusion of hybrid steel fibres is recommended in the ambient cured geopolymer concrete
columns due to significant improvements in the axial load, bending moment and ductility
of ambient cured geopolymer concrete column specimens for the inclusion of hybrid steel
fibre.
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Preamble
In this chapter, an experimental program was carried out to investigate the behaviour of
ambient cured geopolymer concrete columns under different loads. The objective in this
chapter consists of two parts. The first part compared the behaviour of ambient cured
geopolymer concrete column specimens with OPC column specimens under concentric
and eccentric axial loads and four-point bending, while the second part examined how
increasing the aspect ratio of steel fibres affects the behaviour of ambient cured
geopolymer concrete column specimens under concentric axial load and eccentric axial
loads, and four-point bending. These objectives were achieved by adding straight micro
steel fibres with an aspect ratio of 30 and straight macro steel fibres with an aspect ratio
of 65 into geopolymer concrete mixes. The main experimental program and the test
results are presented and discussed in more details in the following sections.
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8.1 Abstract
This paper investigates the behaviour of ambient cured geopolymer concrete columns
under different loading conditions. Sixteen circular concrete column specimens 150 mm
in diameter and 600 mm high were tested. The effects of the addition of steel fibres and
the loading conditions (concentric, eccentric axial, and four-point bending) on the
performance of the geopolymer concrete specimens were investigated. It was found that
the behaviour of geopolymer concrete specimens without steel fibre was similar to the
behaviour of ordinary Portland cement concrete specimens under different loading
conditions. The addition of micro steel fibres into geopolymer concrete enhanced the
strength and the addition of macro steel fibres into geopolymer concrete enhanced the
ductility of the specimens under concentric and eccentric axial loads and four-point
bending.
8.2 Introduction
Concrete is one of the essential building materials used in the world. Concrete is widely
used in the construction of civil infrastructures such as bridges, buildings, dams, and highways. Cement is the primary material used in the production of concrete. Annually, the
concrete industry produces approximately 12 billion tonnes of concrete using approximately 1.6 billion tonnes of cement worldwide (Mehta 2004). However, the production
of cement causes greenhouse gas emissions, including the emission of methane, nitrous
oxide, and carbon dioxide (CO2) into the atmosphere, causing global warming. It is
estimated that the production of 1 tonne of cement releases about 1 tonne of CO2 into the
atmosphere (Rangan 2008; Wallah 2010). Hence, it is essential to develop alternative
concrete without cement for environmental sustainability. Research studies on
geopolymer concrete as green concrete without cement started a few decades ago and it
is considered an alternative to traditional concrete for reducing the adverse environmental
impact.
Geopolymer concrete is formed by mixing industrial by-products such as fly ash (FA),
silica fume (SF), and ground-granulated blast furnace slag (GGBS), which are rich in
alumina (Al2O3) and silica (SiO2), with alkaline activator solutions. The use of industrial
by-product materials in geopolymer concrete reduces the CO2 emissions associated with
the production of cement. It also resolves issues related to the disposal of large quantities
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of industrial wastes (such as slags from metal production and fly ash from coal-fired
power stations) that may otherwise be dumped as landfill, adversely affecting the
environment (Gencel et al. 2012). In addition to the environmental benefits related to the
use of industrial by-products in geopolymer concrete, geopolymer concrete possesses
similar or superior engineering properties to ordinary Portland cement (OPC) concrete
(Duxson et al. 2007). Few research studies reported that geopolymer concrete was
intrinsically fire and chemical resistant with low alkali aggregate expansion (Sofi et al.
2007). It was also reported that geopolymer concrete possessed excellent thermal stability,
low shrinkage and creep, and higher sulfate and corrosion resistance than OPC concrete
(Olivia and Nikraz 2012).
The concerns regarding the use of geopolymer concrete in the construction of structures
are its inherent low tensile and bending strength and brittle behaviour (Natali et al. 2011).
Incorporation of fibres into geopolymer concrete may be considered a solution to improve
the tensile strength and bending strength by controlling the crack propagation under
different loading conditions (Ranjbar et al. 2015). Steel fibre reinforced geopolymer
concrete was first investigated by Davidovits (1991). Afterward, the behaviour of
geopolymer concrete reinforced with different types of fibres such as polypropylene
fibres (Ranjbar et al. 2016), carbon fibres (He et al. 2010), polyvinyl alcohol fibres
(Yunsheng et al. 2008), and steel fibres (Bernal et al. 2010; Sanjayan et al. 2015) was
investigated especially to overcome the brittleness and sudden failure of geopolymer
concrete. The addition of steel fibre in geopolymer concrete significantly reduced the
brittleness and exhibited significant enhancements in the tensile and flexural strength of
geopolymer concrete (Ganesan et al. 2013). The performance and efficiency of fibre in
geopolymer concrete depend on several parameters, including the volume content, length,
aspect ratio, and tensile strength of the fibre.
Curing conditions have a significant influence on the strength development of
geopolymer concrete. Heat curing is generally used for the production of geopolymer
concrete. Hence, the application of geopolymer concrete is limited to the construction of
precast concrete members. The production of geopolymer concrete under an ambient
curing condition will have wider applications in cast-in-place construction as well as in
precast construction. Also, the production of ambient cured geopolymer concrete will
reduce the energy and cost associated with the heat curing process. The cost savings from
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ambient cured geopolymer concrete, along with the reduction in CO2 emissions and
simplification of the manufacturing process for cast in place applications, is a major driver
in the development of ambient cured geopolymer concrete (Hadi et al. 2017a).
Most of the research studies on geopolymer concrete dealt with basic engineering
properties of geopolymer concrete such as material characteristics, chemical and physical
properties, and the effects of source material on engineering properties of geopolymer
concrete (Duxson et al. 2007). However, only a few studies were conducted to date on the
behaviour of structural members of geopolymer concrete. Visintin et al. (2017) found that
the load carrying capacity and behaviour of geopolymer concrete beams and OPC
concrete beams were similar and suggested that the current design provisions of OPC
concrete beams could be used to design geopolymer concrete beams. The shear behaviour
of reinforced geopolymer concrete thin-webbed T-beams was studied by Madheswaran
et al. (2014). The test results indicated that the performance of reinforced geopolymer
concrete was similar to that of OPC reinforced concrete beams and the ultimate loads
were in the same order. Chang (2009) studied the shear behaviour of reinforced
geopolymer concrete beams. The behaviour of reinforced geopolymer concrete beams,
including the crack patterns and the failure modes, was similar to those observed in the
OPC reinforced concrete beams. The flexural behaviour and failure mode of reinforced
geopolymer concrete beams were studied by Sumajouw et al. (2005). It was found that
the flexural behaviour and failure mode of reinforced geopolymer concrete beams were
similar to those of OPC reinforced concrete beams.
Albitar et al. (2017) studied the behaviour of short and slender geopolymer concrete
columns under concentric and eccentric axial loads. The test results revealed that
geopolymer concrete columns and OPC concrete columns exhibited similar structural
responses under concentric and eccentric axial loads. Sumajouw et al. (2007) studied the
behaviour of geopolymer concrete slender columns subjected to axial compression and
uniaxial bending. It was found that geopolymer concrete columns and OPC concrete
columns exhibited similar behaviour. Rahman and Sarker (2011) investigated the
behaviour of geopolymer concrete columns subjected to combined axial load and biaxial
bending. The test results showed that the load carrying capacity and failure mode of
geopolymer concrete columns were similar to those of OPC concrete columns. Sarker
(2009) studied the behaviour of geopolymer concrete columns reinforced with steel bars
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subjected to different loading conditions. The test results indicated a promising scope of
the application of geopolymer concrete in the construction of structural members. The
test results also showed that the analytical method for OPC concrete columns could be
used for geopolymer concrete columns with an appropriate stress-strain relationship of
geopolymer concrete.
Most of the previous studies focused on the mechanical properties and durability of heat
cured geopolymer concrete. Also, only a few studies were conducted on the performance
of heat cured geopolymer concrete structural components. The necessity of heat curing
limits the application of geopolymer concrete to precast elements. None of the published
studies investigated the behaviour of ambient cured geopolymer concrete with and
without steel fibres under different loading conditions. Therefore, this study investigates
the behaviour of ambient cured geopolymer concrete columns under concentric axial
load, eccentric axial load, and four-point bending. This study also investigates the
influence of micro and macro steel fibre on the behaviour of ambient cured geopolymer
concrete specimens under concentric axial load, eccentric axial load, and four-point
bending.
8.3 Research significance
The objective of this study is to investigate the behaviour of ambient cured geopolymer
concrete column specimens compared to OPC concrete column specimens under different
loading conditions. This study investigated the effect of the addition of steel fibres on the
behaviour of ambient cured geopolymer concrete column specimens under different
loading conditions. The effect of aspect ratio of the steel fibres (same diameter with
different lengths) on the behaviour of ambient cured geopolymer concrete column
specimens under different loading conditions was also investigated.
8.4 Experimental program
A total of 16 circular column specimens were cast and tested in the Structural Engineering
Laboratories at the University of Wollongong, NSW, Australia. All column specimens
were 150 mm in diameter and 600 mm in height. The dimensions of the column specimens were selected to suit the conditions and the capacity of test equipment available in
the laboratories. Concrete columns have been defined in ACI 318-11 (ACI 2011) as a
compression member mainly to support the axial load with a ratio of height to the least
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lateral dimension greater than 3. The height to diameter ratio of the column specimens
tested in this study was 4.
Two types of concrete were used in this study: OPC concrete and geopolymer concrete.
All specimens were cast using OPC concrete and geopolymer concrete with a nominal
compressive strength of 44 MPa. All specimens were reinforced with the same amount
of longitudinal and transverse reinforcements. For longitudinal reinforcement, six
deformed steel bars of 10 mm diameter (6N10) with a nominal tensile strength of 500
MPa were used. For transverse reinforcement, round plain steel bars 8 mm in diameter at
40 mm pitch (R8 @ 40 mm) with a nominal tensile strength of 250 MPa were used. The
clear concrete cover was 20 mm on the sides and 15 mm at the top and bottom ends of
the specimens.
The specimens tested in this study were divided into four groups. The specimens in the
first group (Group NC) consisted of OPC concrete. These specimens were prepared as
reference specimens for comparison with geopolymer concrete specimens. The
specimens in the second group (Group GC) consisted of plain geopolymer concrete. The
third group (Group GCMI) consisted of geopolymer concrete with 2% by volume of
straight micro steel fibres. The Group GCMI specimens were designed to assess the effect
of micro steel fibres on the behaviour of geopolymer concrete specimens under different
loading conditions. The fourth group (Group GCMA) consisted of geopolymer concrete
with 2% by volume of straight macro steel fibres. The Group GCMA specimens were
designed to assess the effect of the increase in the aspect ratio (l/d) of steel fibres on the
behaviour of geopolymer concrete specimens under different loading conditions. For each
group, the first specimen was tested under concentric axial load. The second and the third
specimens of each group were tested under 15 and 35 mm eccentric axial loads,
respectively. The last specimen of each group was tested as a beam under four-point
bending to explore the pure flexural behaviour of the specimens.
The notation of the specimens consists of two parts: the first part represents the group
name, where NC, GC, GCMI, and GCMA represent OPC concrete, geopolymer concrete,
geopolymer concrete with micro steel fibre, and geopolymer concrete with macro steel
fibre, respectively. The second part indicates the loading conditions. For instance, 0 indicates concentric axial load, 15 and 35 indicates 15 mm and 35 mm eccentric axial loads,
respectively, and F represents four-point bending. Table 8.1 shows the test matrix of the
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experiments. The reinforcement scheme and dimensions of the specimens are shown in
Figure 8.1.
Table 8.1 Details of test matrix
Group

Specimen

Type and
ratio of steel
fibres

Longitudinal
reinforcement

Transverse
reinforcement

NC-0

Concentric

NC-15

NC

Loading modes

e = 15 mm
-

6N10

R8 @ 40 mm

NC-35

e = 35 mm

NC-F

Four-point bending

GC-0

Concentric

GC-15

GC

e = 15 mm
-

6N10

R8 @ 40 mm

GC-35

e = 35 mm

GC-F

Four-point bending

GCMI-0

Straight

GCMI-15

micro steel

GCMI
GCMI-35
GCMI-F

fibres 2%

Straight

GCMA-15

macro steel

GCMA-35
GCMA-F

e = 15 mm
6N10

R8 @ 40 mm
e = 35 mm

by volume

GCMA-0

GCMA

Concentric

fibres 2%

Four-point bending
Concentric
e = 15 mm
6N10

R8 @ 40 mm
e = 35 mm

by volume

Four-point bending

Note: The e represents eccentric axial load
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(a) Specimens without steel
fibre

(b) Specimens with steel
fibre

Figure 8.1 Reinforcement details and dimensions of the tested specimens
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8.4.1 Material properties
OPC concrete and geopolymer concrete were used in this study. All specimens were cast
using OPC concrete and geopolymer concrete with a design compressive strength of 44
MPa at 28 days. For OPC concrete, the mixture proportions by weight of cement, fine
aggregate, and coarse aggregate were 1:1.6:3.2 with a maximum aggregate size of 10 mm
and a water to cement ratio (w/c) of 0.45. The mixture proportions of geopolymer concrete
were adopted from a previous study by Hadi et al. (2017a). The components of
geopolymer concrete mixture used in the geopolymer concrete specimens were GGBS,
low calcium FA, alkaline activator, fine aggregate, coarse aggregate, high range water
reducing admixture (HRWRA), and water. A solution of sodium silicate (Na2SiO3)
blended with sodium hydroxide (NaOH) was used as an alkaline activator. Caustic soda
was dissolved in potable water to produce sodium hydroxide (NaOH) solution with 14
molar concentrations. The mixture proportions of the OPC concrete and geopolymer
concrete used in this study are shown in Table 8.2.
Table 8.2 Mixture proportion of OPC concrete and geopolymer concrete
Quantity
Concrete mixture
Cement (kg/m3)

380

Geopolymer concrete
(Hadi et al. 2017a)
-

GGBS (kg/m3)

-

225

FA (kg/m3)

-

225

Al/Binder

-

0.35

Sand (kg/m3)

610

627

Aggregate (kg/m3)

1216

1164

Na2SiO3/NaOH

-

2.5

Na2SiO3 (kg/m3)

-

112.5

NaOH (kg/m3)

-

45

NaOH (mole/L)

-

14

Water (kg/m3)

175

45

Superplasticizer (kg/m3)

12

22.5

OPC
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Two different steel bars were used in this study: deformed N10 steel bars of 10 mm
diameter for longitudinal reinforcement and round plain R8 steel bars of 8 mm diameter
for transverse reinforcement in all specimens. Two types of steel fibres were used in this
study, i.e., straight micro steel fibres and straight macro steel fibres. The straight micro
steel fibres were 6 mm in length (l) and 0.2 mm in diameter (d). The aspect ratio (l/d) of
straight micro steel fibre was 30 with a nominal tensile strength of 2600 MPa. The straight
macro steel fibres were 13 mm in length (l) and 0.2 mm in diameter (d). The aspect ratio
(l/d) of straight macro steel fibre was 65 with a nominal tensile strength of 2600 MPa.
8.4.2 Specimen fabrication and testing procedure
Polyvinyl chloride (PVC) pipes with 150 mm inner diameter were used as formwork
moulds for casting the specimens. The PVC pipes were cut to 600 mm. These pipe moulds
were then fixed vertically in formwork fabricated from plywood to prevent any movement
during the placing of concrete. The longitudinal steel bars were cut to 570 mm to provide
a 15 mm clear concrete cover at the top and bottom of the specimens. Also, the transverse
steel helices were fabricated by coiling R8 steel bars with 110 mm outer diameter to
ensure a 20 mm clear concrete cover at the sides of specimens. The steel cages were
prepared by assembling the transverse steel helixes and the longitudinal steel bars using
steel wires.
For mixing, an electrical pan mixer of 0.1 m3 capacity available in the Laboratory of the
School of Civil, Mining and Environmental Engineering at the University of Wollongong
was used. For OPC concrete, the dry materials, including cement and fine and coarse
aggregates were first mixed for approximately 3 minutes. Water and HRWRA were then
slowly added to the mixer and the mixing continued for another 5 minutes for a uniform
consistency of concrete. The concrete mixture was then placed from the pan mixer into
the PVC moulds prepared for the reference (NC) specimens. The OPC concrete
specimens were cured by covering with wet hessian sheet after 24 hours of casting to
maintain the moisture conditions. The specimens were demoulded from the formwork
after 14 days and cured in a similar moist condition for the next 14 days.
For geopolymer concrete, the dry materials including binder (GGBS+FA) and fine and
coarse aggregates were first mixed for approximately 3 minutes. The liquid components
(alkaline activator, water, and HRWRA) were then slowly added to the mixer. The mixing
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continued for 5 minutes. The fresh geopolymer concrete was then placed from the pan
mixer into the PVC moulds prepared for the plain geopolymer concrete specimens. For
the specimens in Groups GCMI and GCMA, after the ingredients were thoroughly mixed,
steel fibres (micro steel fibres for Group GCMI and macro steel fibres for Group GCMA)
were added gradually into the wet mixture and the mixing continued until the steel fibres
were well dispersed in the geopolymer concrete mixtures. Adequate attention was taken
during mixing to ensure a uniform distribution of the steel fibres in the geopolymer
concrete mixtures. All specimens were cast vertically into the PVC moulds in three layers.
Each layer was compacted using an electric vibrator to ensure good distribution of
concrete between the reinforcing steel bars and to remove air bubbles from the concrete
mixture. Afterwards, the geopolymer concrete specimens were kept in the formwork for
14 days under ambient conditions. The specimens were then demoulded from the
formwork and kept under ambient conditions until the day of testing.
A 5000 kN compression testing machine was used for testing of all the specimens until
failure. Before testing, the bottom and top of the column specimens were externally
wrapped by two layers of carbon fibre reinforced polymer (CFRP) sheets to avoid
premature failure during testing. The width and the thickness of CFRP sheets were 75 and
0.5 mm, respectively. Both ends of column specimens were capped with high strength
plaster to ensure a uniform distribution of the applied loads. For the concentric axial load
on the column specimens, two circular steel plates of 180 mm inner diameter and 100 mm
height made from high strength steel were used. The circular steel plate was centred at
both ends of the column specimens to remove any minor eccentricities. For eccentric axial
loads, two circular steel plate adapters with steel ball joint were used. The steel ball joint
was installed on the circular steel plate adapter for the application of 15 and 35 mm
eccentric axial loads. The axial deformation of the column specimens was measured by
two linear variable differential transducers (LVDTs). The LVDTs were connected along
two opposite corners of the 5000 kN compression testing machine. For the column
specimens tested under eccentric axial load, a laser triangulation was placed at the
midheight of the column specimen to measure the lateral deformation of the specimens.
Also, the axial strain in the longitudinal reinforcement and the hoop strain in the helixes
were measured by four electrical strain gauges attached to the two opposite sides of
reinforcement cages at the midheight of the specimens. The LVDTs, laser triangulation,
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and strain gauges were connected to a data logger to record the measurements at every 2
seconds.
Four specimens were tested as beams under four-point bending. The four-point bending
system consisted of two circular steel loading rigs at the top and bottom of the specimens.
The clear span of beam specimens was 500 mm and the spacing between the two point
loads was 166.6 mm. To measure the midspan deflection, the laser triangulation was
placed below a hole at the midspan of the bottom steel rig.
All specimens tested under concentric and eccentric axial loads and four-point bending
were preloaded at a rate of 2 kN/s to 80 kN (force controlled). The specimens were then
unloaded to 20 kN to prevent any movement that might happen during the test.
Afterwards, the test was resumed at a load rate of 0.003 mm/s until the failure of the
specimens. Typical test setups for column and beam specimens are shown in Figure 8.2.
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Figure. 3 Typical(a)
test setup of column specimens
(a)

(b)
(b)

Fig. 4 - Testing of the specimens: (a) under concentric axial load; (b) under eccentric
axial load; (c) under four-point bending.

(c)
(c)

Figure 8.2 Testing of the specimens: (a) under concentric axial load; (b) under eccentric
axial load; (c) under four-point bending
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8.4.3 Preliminary tests
In this study, the preliminary tests included chemical composition of FA and GGBS, the
tensile strength of steel bars, compressive strength, stress-strain response and tensile
strength of concrete. The chemical composition of FA and GGBS were reported in Hadi
et al. (2017a). Five specimens from each of N10 deformed steel bar and R8 plain steel
bar with 500 mm length were tested in tension using a 500 kN testing machine according
to AS1391-2007 (AS 2007). The average tensile strengths of N10 deformed steel bar and
R8 plain steel bar were 585 MPa and 468 MPa, respectively. The compressive strengths
of concrete were obtained by testing three cylinders of 100 mm diameter and 200 mm
height. All the concrete specimens were cast on the same day. The compressive strength
was determined according to AS 1012.9-1999 (AS 1999). The average compressive
strengths at 28 days for NC, GC, GCMI and GCMA were 45.1 MPa, 44.6 MPa, 48.3
MPa, and 47.2 MPa, respectively. The stress-strain response of the concrete specimens
was investigated by testing three cylindrical specimens of 150 mm diameter and 300 mm
height according to AS 1012.17-2014 (AS 2014). The average modulus of elasticity of
NC, GC, GCMI and GCMA were 26.6 GPa, 22.6 GPa, 24.8 GPa, and 25.1 GPa,
respectively. The flexural tensile strength of the concrete specimens was investigated by
testing three prism specimens of 100 mm × 100 mm × 500 mm according to AS 1012.112000 (AS 2000). The average flexural tensile strengths of NC, GC, GCMI and GCMA
were 4.3 MPa, 4.4 MPa, 5.8 MPa, and 6.1 MPa, respectively.
8.5 Experimental results
8.5.1 Specimens tested under concentric axial load
Four specimens (the first specimens in each group) were tested under concentric axial
load until failure. Figure 8.3 shows the axial load-axial deformation behaviour of the four
concentrically tested specimens (NC-0, GC-0, GCMI-0, and GCMA-0). Table 8.3
summarizes the experimental results of the specimens tested under concentric axial load.
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Figure 8.3 Axial load-axial deformation behaviour of specimens tested under concentric
axial load
For all specimens, the ascending branch of the axial load-axial deformation curves
showed similar behaviour up to the peak axial load and was mainly governed by the
compressive strength of the concrete. Specimens NC-0 and GC-0 exhibited spalling of
the concrete cover immediately after the peak axial load. The spalling of the concrete
cover was mainly observed at the midheight of Specimens NC-0 and GC-0 and was
attributed to the tendency of concrete cover to buckle away from the concrete core when
subjected to a concentric axial load. On the other hand, the fibre reinforced Specimens
GCMI-0 and GCMA-0 exhibited no cover spalling. Only cracks were formed in the
concrete cover. After the peak axial load, the behaviour of the specimens was influenced
by the presence of steel fibre, longitudinal and transverse reinforcement, and the pitch of
the transverse reinforcement. At the end of the test, Specimens NC-0 and GC-0 exhibited
spalling of almost the entire concrete cover. Only limited cracking of concrete cover was
observed in the fibre reinforced Specimens GCMI-0 and GCMA-0.
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Table 8.3 Test results of specimens tested under concentric, 15 mm eccentric and 35 mm eccentric axial loads

Property

Yield load (kN)

Corresponding axial
deformation (mm)

Specimen under concentric axial
load

Specimen under 15 mm eccentric
axial load

Specimen under 35 mm eccentric
axial load

NC-0

GC-0

GCMI-0

GCMA-0

NC-15

GC-15

GCMI-15

GCMA-15

NC-35

GC-35

GCMI-35

GCMA-35

1087.2

1147.8

1196.4

1147.5

791.2

809.1

893.8

854.2

433.3

418.7

521.0

490.9

3.1

3.2

3.4

3.4

2.4

2.5

3.3

3.2

3.1

3.1

3.3

3.5

1258.3

1390.7

1332.6

826.1

822.9

959.6

930.6

476.5

479.6

556.3

521.64

Peak axial load (kN) 1267.7

Corresponding axial
deformation (mm)

3.9

3.7

4.4

5

3.03

2.9

3.9

4.25

2.6

2.8

3.8

4.17

Lateral deformation
at peak axial load
(mm)

0

0

0

0

1.96

1.8

4.5

4.44

3.39

2.9

5.6

6.8

1.4

1.3

2.3

2.7

1.18

1.1

1.5

1.6

1.13

1.1

1.4

1.45

Ductility (μ)
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For all specimens, failure was initiated by the buckling of longitudinal steel bars and
failed by the fracture of steel helixes at the midheight of the column specimens. Figure
8.4 shows the buckling of longitudinal steel bars and the fracture of steel helixes at the
end of the test after removing the concrete cover from the specimens. The peak axial load
carried by the reference Specimen NC-0 was 1267.7 kN. The peak axial load sustained
by Specimen GC-0 was 1258.3 kN, which was approximately 1% less than the peak axial
load sustained by Specimen NC-0. On the other hand, the peak axial loads sustained by
Specimens GCMI-0 and GCMA-0 were 1390.7 and 1332.6 kN, respectively. The peak
axial loads sustained by Specimens GCMI-0 and GCMA-0 were 11% and 6%,
respectively, higher than the peak axial load sustained by Specimen GC-0. The higher
peak axial load sustained by Specimens GCMI-0 and GCMA-0 was attributed to the
presence of the steel fibres, which led to an increase in the compressive strength of the
concrete by restraining the formation of the cracks and thereby increasing the axial load
of the specimen.

NC-0

GC-0

Fracture of helix

(a)

GCMI-0

Buckling of long.
bars

GCMA-0

(c)

(b)

(d)

Figure 8. 4 Failure modes of specimens under concentric axial load: (a) Specimen
NC-0; (b) Specimen GC-0; (c) Specimen GCMI-0; (d) Specimen GCMA-0
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After the peak axial load, Specimens NC-0 and GC-0 exhibited a drop in the axial load
due to the rapid spalling of concrete cover. The reference Specimen NC-0 experienced a
significant decrease of approximately 20% of the peak axial load immediately after the
spalling of concrete cover, which was followed by the buckling of longitudinal steel bars
and fracture of steel helixes. Similarly, Specimen GC-0 experienced a significant
decrease of approximately 25% of the peak axial load immediately after the spalling of
the concrete cover and the fracture of steel helix. On the other hand, Specimens GCMI-0
and GCMA-0 experienced a disintegration of the concrete cover. Afterwards, the concrete
cover gradually spalled off. Specimens GCMI-0 and GCMA-0 showed a gradual decrease
in the axial load due to the presence of steel fibres.
The ductility of the specimens is a measure of the post-peak axial load-deformation
behaviour. In this paper, the ductility of specimens was calculated as the ratio of the
deformation at 85% in the post-peak axial load-axial deformation behaviour to the yield
deformation (Hadi 2009). To specify yield deformation, a best-fit regression line to the
ascending branch of the load-deformation curves and a horizontal line corresponding to
the peak axial load were drawn. The deformations corresponding to the intersection point
between the two lines represents the yield deformation. For concentric axial loads, the
ductility of the column specimens reinforced with steel fibres was higher than that of the
column specimens without steel fibres. The addition of steel fibres into ambient cured
geopolymer concrete mixture resulted in an increase in the ductility. Specimen GCMI-0
achieved approximately 77% higher ductility compared to Specimen GC-0. Specimen
GCMA-0 achieved a higher ductility of approximately 107.7% compared to Specimen
GC-0 (Table 8.3). From the testing of column specimens under concentric axial load, it
was observed that the geopolymer concrete specimen without steel fibre and OPC
concrete specimens showed almost similar axial load-axial deformation behaviour. It was
also observed that the axial load of the ambient cured geopolymer concrete specimens
increased significantly by the addition of low aspect ratio steel fibres (micro steel fibres)
and the ductility of the specimens increased significantly by the addition of high-aspectratio steel fibres (macro steel fibres).
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8.5.2 Specimens tested under eccentric axial loads
Eight specimens were tested under eccentric axial load: four specimens under 15 mm
eccentric axial load (NC-15, GC-15, GCMI-15, and GCMA-15), and four specimens
under 35 mm eccentric axial load (NC-35, GC-35, GCMI-35, and GCMA-35). Table 8.3
summarizes the experimental results of the specimens tested under 15 and 35 mm
eccentric axial loads. All specimens exhibited spalling or disintegration of the concrete
cover in the compression side accompanied by transverse cracks on the tension side.
Afterwards, all the specimens exhibited buckling of the longitudinal steel bars located on
the compression side, and finally the longitudinal steel bar ruptured on the tension side.
Figure 8.5 shows the axial load-axial deformation and axial load-lateral deformation
behaviour of the specimens tested under 15 mm eccentric axial load.
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Figure 8.5 Axial load-axial deformation and axial load-lateral deformation behaviour of
specimens tested under 15 mm eccentric axial load
For all specimens, the ascending branch of the axial load-axial deformation curve of the
specimens tested under 15 mm eccentric axial load was almost linear until the peak axial
load. The peak axial load sustained by the reference Specimen NC-15 was 826.1 kN. The
peak axial load sustained by Specimen GC-15 was 822.9 kN, which was 0.5% less than
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Specimen NC-15. Similar to the concentrically loaded specimens, the axial load sustained
by fibre reinforced ambient cured geopolymer concrete specimens was higher than the
ambient cured geopolymer concrete specimens without steel fibres. The axial load
sustained by Specimen GCMI-15 was 959.6 kN, which was approximately 17% higher
than the peak axial load sustained by Specimen GC-15. The axial load sustained by
Specimen GCMA-15 was 930.6 kN, which was approximately 13% higher than the peak
axial load sustained by Specimen GC-15. The increase in the axial load of Specimens
GCMI-15 and GCMA-15 can be attributed to the beneficial effect of the steel fibres on
the peak axial load of the ambient cured geopolymer concrete specimens. After the peak
axial load, Specimens NC-15 and GC-15 exhibited sudden spalling of the concrete cover
on the compression side. Afterwards, Specimens NC-15 and GC-15 exhibited a
significant decrease in the axial load not much longer after the spalling of the concrete
cover because of the buckling of the longitudinal bars in the compression region
combined with yielding of the longitudinal bars in the tension region. On the other hand,
the fibre reinforced ambient cured geopolymer concrete Specimens GCMI-15 and
GCMA-15 exhibited no cover spalling. Only cracks formed in the concrete cover.
Afterwards, the cracks in the concrete cover in the compression region extended to the
sides of specimen accompanied by cracking at the tension region. At later stages of
loading, the axial load gradually decreased until the failure occurred because of the
buckling of longitudinal bars on the compression side combined with the yielding of
longitudinal bars on the tension side. The failure modes of the specimens tested under 15
mm eccentric axial loads are presented in Figure 8.6.
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GCMI-15
NC-15

GCMA-15

GC-15

(a)

(b)

(c)

(d)

Figure 8.6 Failure modes of column specimens tested under 15 mm eccentric axial
load: (a) Specimen NC-15; (b) Specimen GC-15; (c) Specimen GCMI-15; (d)
Specimen GCMA-15
The ductility of Specimen GC-15 was approximately 7% lower than the ductility of
Specimen NC-15. The addition of micro steel fibre and macro steel fibre into the ambient
cured geopolymer concrete mixture led to an increase in the ductility of Specimens
GCMI-15 and GCMA-15. Specimen GCMI-15 achieved approximately 36% higher
ductility compared to Specimen GC-15. Specimen GCMA-15 achieved approximately
45% higher ductility compared to Specimen GC-15 (Table 8.3).
The test results of the column specimens tested under 35 mm eccentric axial load are
reported in Table 8.3. The axial load-axial deformation and axial load-lateral deformation
behaviour of specimens tested under 35 mm eccentric axial load are shown in Figure 8.7.
Similar to the specimens tested under 15 mm eccentric axial load, the behaviour of
Specimens NC-35, GC-35, GCMI-35, and GCMA-35 throughout the ascending branch
of the axial load-axial deformation curves was almost linear until the peak axial load.
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Figure 8.7 Axial load-axial deformation and axial load -lateral deformation behaviour of
specimens tested under 35 mm eccentric axial load
The peak axial load achieved by the reference Specimen NC-35 was 476.5 kN. The peak
axial load achieved by Specimen GC-35 was 479.6 kN, which was approximately 2%
higher than the peak axial load of the reference Specimen NC-35. The axial load sustained
by the fibre reinforced ambient cured geopolymer concrete specimens was higher than
the ambient cured geopolymer concrete specimens without steel fibres. The peak axial
load sustained by Specimen GCMI-35 was 556.3 kN, which was approximately 16%
higher than the peak axial load sustained by Specimen GC-35. The peak axial load
sustained by Specimen GCMA-35 was 521.64 kN, which was approximately 9% higher
than the peak axial load sustained by Specimen GC-35. The higher peak axial load
sustained by Specimens GCMI-35 and GCMA-35 was attributed to the presence of micro
steel fibre and macro steel fibre, which improved the compressive strength of the ambient
cured geopolymer concrete by preventing the formation of the cracks and, thus, increasing
the axial load of the ambient cured geopolymer concrete specimens. After the peak axial
load, all specimens tested under 35 mm eccentric axial load showed axial load-axial
deformation behaviour similar to the axial load-axial deformation behaviour of the
specimens tested under 15 mm eccentric axial load. Specimens NC-35 and GC-35
exhibited a significant drop in the axial load due to the spalling of concrete cover.
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However, fibre reinforced Specimens GCMI-35 and GCMA-35 exhibited a gradual
decrease in the axial load due to the presence of steel fibres. The failure modes of the
specimens tested under 35 mm eccentric axial loads are presented in Figure 8.8. The
ductility of Specimen GC-35 was approximately 3% lower than the ductility of Specimen
NC-35. However, due to the addition of steel fibres, the ductility of Specimens GCMI-35
and GCMA-35 increased significantly. The ductility of Specimen GCMI-35 was
approximately 27% higher than the ductility of Specimen GC-35. The ductility of
Specimen GCMA-35 was approximately 32% higher than ductility of Specimen GC-35
(Table 8.3).

GC-35
GCMA-35

GCMI-35

NC-35

(a)

(b)

(c)

(d)

Figure 8.8 Failure modes of column specimens tested under 35 mm eccentric axial load:
(a) Specimen NC-35; (b) Specimen GC-35; (c) Specimen GCMI-35; (d)
Specimen GCMA-35
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From the test results of eight eccentrically loaded column specimens, it was observed that
for the addition of low aspect ratio steel fibres, the axial load of the specimens increased
significantly. For the addition of high aspect ratio steel fibres, the ductility of the
specimens increased significantly. Specimens GCMI-15 and GCMI-35 produced the
highest axial load for specimens tested under 15 and 35 mm eccentric axial loads, and
Specimens GCMA-15 and GCMA-35 produced the highest ductility for the specimens
tested under 15 and 35 mm eccentric axial loads, respectively.
8.5.3 Specimens tested under four-point bending
The last four specimens were tested under four-point bending as a beam over a clear span
of 500 mm with a shear span of 166 mm. Figure 8.9 shows the flexural load-midspan
deflection behaviours of the specimens tested under four-point bending. Table 8.4
summarizes the experimental results of the specimens tested under four-point bending.
The failure mechanism for all specimens was consistent and the failure occurred because
of cracks within the concrete cover at midspan of the specimens when the peak flexural
load was reached. Afterwards, all specimens exhibited a rupture of the longitudinal steel
bars on the tension side. The failure modes of specimens tested under four-point bending
are shown in Figure 8.10.
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Figure 8.9 Load-midspan deflection behaviour of specimens tested under four-point
bending
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Due to the relatively small span to depth ratio of the tested specimens, before the test,
both ends of beam specimens were wrapped with two layers of CFRP sheet to prevent
shear failure and to minimise the effect of shear induced deflection at midspan of the
tested specimens. For all the specimens tested under four-point bending, it was observed
that the initial ascending branch of the flexural load-deflection curve was approximately
linear up to the peak flexural load. Specimen NC-F achieved a peak flexural load of
218.54 kN and a midspan deflection corresponding to the peak flexural load of 5.3 mm.
Specimens GC-F achieved 212.9 kN peak flexural load and 5.2 mm corresponding
midspan deflection to the peak flexural load. Specimen GC-F exhibited almost similar
load-deflection behaviour to Specimen NC-F. However, the addition of micro steel fibre
and macro steel fibre to the ambient cured geopolymer concrete mixture increased the
flexural load for the same midspan deflections compared to Specimen GC-F. The peak
flexural load achieved by Specimens GCMI-F and GCMA-F were 256.8 and 243.5 kN,
respectively. Specimens GCMI-F and GCMA-F achieved 20.6 and 14.4% higher peak
flexural loads, respectively, compared to Specimen GC-F. Specimens GCMI-F and
GCMA-F achieved midspan deflections corresponding to the peak flexural load of 9.3
and 8.1 mm, respectively. Specimens GCMI-F and GCMA-F displayed 78.8 and 55.8%
higher midspan deflections corresponding to the peak flexural load, respectively,
compared to Specimen GC-F.
Table 8.4 Test results of specimens tested under four-point bending
Property

Specimen under four-point bending
NC-F

GC-F

GCMI-F

GCMA-F

176.9

192.5

217.8

205.3

3.9

4.7

5.6

4.4

218.5

212.9

256.8

243.5

Corresponding midspan deformation
(mm)

5.3

5.2

9.3

8.1

Ductility (μ)

1.6

1.4

3.6

4.0

Yield load (kN)
Corresponding midspan deformation
(mm)
Peak load (kN)
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The increase in the flexural load and midspan deflections corresponding to the peak
flexural load could be attributed to the fact that most of the steel fibres in Specimens
GCMI-F and GCMA-F were orientated across the cracked section and were very efficient
in resisting the flexural load. After the peak flexural load, Specimens NC-F and GC-F
showed a drop in the flexural load due to the crushing of concrete cover at the
compression side. However, Specimens GCMI-F and GCMA-F exhibited a little drop in
the flexural load due to the effect of the steel fibres. The ductility of Specimen GC-F was
lower than the ductility of Specimen NC-F by approximately 12.5%. The ductility of the
specimens tested under four-point bending improved significantly by the inclusion of
micro steel fibre and macro steel fibre. The ductility was increased by approximately
157.1% and 185.7% for Specimens GCMI-F and GCMA-F, respectively, compared to
the Specimen GC-F (Table 8.4).

(a)

NC-F

(b)

GC-F

(c)

GCMI-F

(d)

GCMA-F

Figure 8.10 Failure modes of specimens tested under four-point bending: (a) Specimen
NC-F; (b) Specimen GC-F; (c) Specimen GCMI-F; (d) Specimen GCMA-F
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From the test results of the specimens tested under four-point bending, it was observed
that by the addition of low aspect ratio steel fibres, the flexural strength of the ambient
cured geopolymer concrete specimens increased significantly. This can be attributed to
the fact that lower aspect ratio steel fibre produced more effective reinforcing
mechanisms by bridging the microcracks at the early stage, which increased in the
flexural strength of geopolymer concrete specimens (Ezeldin and Balaguru 1992; Hadi et
al. 2017b). By the addition of high aspect ratio steel fibres, the ductility of the ambient
cured geopolymer concrete specimen increased significantly. The increase in the ductility
was attributed to the randomly oriented high aspect ratio steel fibre crossing the crack
sections, which were very efficient in resisting the propagation of microcracks and
macrocracks. This increased in the ductility of the ambient cured geopolymer concrete
specimens. Specimen GCMI-F produced the highest flexural load and Specimen GCMAF produced the highest ductility for specimens tested under four-point bending (Table
8.4).
8.6 Experimental axial load-bending moment (P-M) interaction diagrams
The experimental axial load-bending moment (P-M) interaction diagram was plotted for
the tested specimens. In this study, four points were used to establish the P-M curve for
the tested specimens in Groups NC, GC, GCMI, and GCMA. The first point on the P-M
represents the peak axial load for specimens subjected to a concentric axial compression.
The second and the third points represent the peak axial loads and bending moments for
specimens tested under 15 and 35 mm eccentric axial loads, respectively. The fourth point
represents the bending moment for specimens tested as a beam under four-point bending.
For the specimens tested under concentric axial load, the bending moment was taken as
zero. For the specimens tested under 15 and 35 mm eccentric axial loads, the bending
moments including the secondary moment were calculated using Equation (8.1). For the
specimens tested as a beam under four-point bending, the bending moment was calculated
using Equation (8.2).
M=Pmax (e+δ )

(8.1)

where M is bending moment capacity, Pmax is the maximum axial load, e is axial load
eccentricity and δ is lateral deformation corresponding to the maximum axial load.
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𝑀=

𝑃 𝑚𝑎𝑥 × 𝐿
6

(8.2)

where Pmax is the maximum applied flexural load and L is the span length between the
supports of the beam specimens.
An experimental axial load-bending moment (P-M) interaction diagrams of Groups NC,
GC, GCMI, and GCMA specimens are shown in Figure 8.11. It was observed that the
axial load and bending moment capacity of the specimens in Group GC were almost
similar to the axial load and bending moment capacity of the specimens in Group NC
(Figure 8.11). The axial load-bending moment diagram of Groups NC and GC was lower
than Groups GCMI and GCMA under concentric and eccentric axial loads and four-point
bending due to the early spalling of the concrete cover, which led to a decrease in the
peak axial load. The bending moment achieved by Specimens NC-15 and GC-15 were
14.01 and 13.8 kN.m, respectively. The bending moment achieved by Specimens NC-35
and GC-35 were 18.3 and 18.1 kN.m, respectively.
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Figure 8.11 Experimental axial load-bending moment (P-M) interaction diagrams
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The addition of steel fibres in the ambient cured geopolymer concrete mixture increased
the axial load and bending moment capacity of the specimens in Groups GCMI and
GCMA. The addition of steel fibres increased the axial load of ambient cured geopolymer
concrete specimens under eccentric axial loads more than that of specimens under
concentric axial load. The bending moment achieved by Specimens GCMI-15 and
GCMA-15 were 18.7 and 18.1 kN.m, respectively. Specimens GCMI-15 and GCMA-15
achieved 35.5% and 31.1% higher bending moment, respectively, compared to Specimen
GC-15. The bending moment achieved by Specimens GCMI-35 and GCMA-35 were 22.6
and 21.8 kN.m, respectively. Specimens GCMI-35 and GCMA-35 achieved 24.2% and
19.8% higher bending moment, respectively, compared to Specimen GC-35. Specimens
in Group GCMI under concentric, eccentric, and four-point loads showed higher peak
axial load and bending moment compared to the specimens in the Groups NC, GC, and
GCMA. This can be attributed to the fact that the presence of micro steel fibre produced
more effective reinforcing mechanisms by restraining the formation of the cracks at the
early stage, which resulted in increases in the axial load and bending moment capacity of
ambient cured geopolymer concrete specimens.
8.7 Conclusions
In this study, a total of 16 circular specimens were tested under different loading
conditions. The effects of the addition of steel fibres and the loading conditions
(concentric, eccentric axial, and four-point bending) on the performance of the
geopolymer concrete specimens were investigated. Based on the experimental
investigations carried out in this study, the following observations and conclusions are
drawn:
1. The failure modes of ambient cured geopolymer concrete specimens were similar to
the failure modes of ordinary Portland cement (OPC) concrete specimens. For all
specimens, failure occurred at the midheight of the tested specimens. The failure initiated
by the buckling of the longitudinal steel bars followed by the rupture of the longitudinal
steel bars or fracture of the steel helixes.
2. The peak axial load of ambient cured geopolymer concrete column specimens in Group
GC was almost similar to the peak axial load of the reference specimens in Group NC
under concentric axial load, eccentric axial load, and four-point bending.
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3. The peak axial load and the peak flexural load of the fibre reinforced ambient cured
geopolymer concrete column specimens were higher than those of ambient cured
geopolymer concrete specimens without steel fibre. The addition of steel fibres in the
ambient cured geopolymer concrete specimens increased the peak axial load of the
specimens under eccentric axial loads more than the increase in the peak axial load of
specimens under concentric axial load.
4. The peak axial and flexural loads of the fibre reinforced ambient cured geopolymer
concrete specimens increased significantly by the addition of low aspect ratio steel fibres
under concentric axial load, eccentric axial load, and four-point bending. The ductility of
the fibre reinforced ambient geopolymer concrete specimens increased significantly by
the addition of high aspect ratio steel fibres under concentric axial load, eccentric axial
load, and four-point bending.
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Preamble
This chapter presents the analytical methods used to predict the axial load-bending
moment interaction diagrams of geopolymer concrete column specimens with and
without steel fibres that were tested under concentric axial load, eccentric axial loads, and
four-point bending. In this chapter, the nominal axial loads and bending moment
capacities of geopolymer concrete column specimens were developed using the layer-bylayer integration method to calculate the force of concrete. The analytical axial loads and
bending moment capacities were then verified with experimental results of geopolymer
concrete column specimens reported in Chapters seven and eight of this thesis. This
chapter also presents the parametric study that investigated how the compressive strength
of geopolymer concrete, the longitudinal steel bar reinforcement ratio and the aspect ratio
of steel fibres affected the axial load-bending moment interaction diagrams of
geopolymer concrete column specimens. Details of the analytical methods of geopolymer
concrete columns are presented and discussed below.
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9.1 Abstract
In this study, the layer-by-layer integration method was used to analytically establish and
investigate the axial load-bending moment (P-M) interactions of geopolymer concrete
(GPC) columns reinforced with and without steel fibres. The developed analytical model
was validated with experimental results. The developed analytical method provided
reliable estimates of the maximum axial load and bending moment capacities of GPC
columns reinforced with and without steel fibres. A parametric study was also conducted
to investigate the influence of the compressive strength of GPC, longitudinal steel bar
reinforcement ratio and aspect ratio of steel fibres on the axial load-bending moment (PM) interactions of GPC columns.
9.2 Introduction
Geopolymer is an amorphous aluminosilicate material resulting from the mixing of
source materials that are rich in alumina (Al2O3) and silica (SiO2) with alkaline activator
solutions. Fly ash (FA), silica fume (SF) and ground granulated blast furnace slag (GGBS)
are the most popular industrial by-product materials used in the production of geopolymer
concrete (GPC) with the presence of sodium silicate (Na2SiO3) and sodium hydroxide
(NaOH) as alkaline activator solutions. The GPC has attracted many research studies in
the last few decades, especially to overcome the environmental problems associated with
the production of Ordinary Portland Cement (OPC) (Duxson et al. 2007; Hadi et al. 2017).
It has been estimated that the production of OPC causes about 5-7% of the global carbon
dioxide (CO2) emissions into the atmosphere (Turner and Collins 2013). The use of GPC
instead of OPC concrete releases about 26-45% less carbon dioxide (CO2) (Habert et al.
2011; McLellan et al. 2011). In addition to the environmental advantages related to the
use of industrial by-product materials in the production of GPC, GPC exhibits comparable
or superior engineering properties to OPC concrete (Badar et al. 2014). The other
advantages of GPC include higher resistance to chemical attack, higher fire resistance and
lower chloride diffusion rate compared to OPC concrete (Olivia and Nikraz 2012; Part et
al. 2015), which makes the GPC an efficient new construction material. Despite the
superior properties of GPC, the quasi-brittle performance, low toughness and inherent
low tensile strength limit the application of GPC in the construction industry (Zhao et al.
2007). Incorporating randomly distributed fibres into GPC may be one of the possible
solutions to overcome the concerns related to the brittle performance and low tensile
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strength and may provide a better structural integrity. Different types of fibres including
steel, carbon, polypropylene (PP), and polyvinyl alcohol (PVA) fibres were used to
enhance the engineering properties of GPC by controlling the crack propagation and
stress distribution under different loading conditions or to improve corrosion or shrinkage
performance (Ranjbar et al. 2016).
Several research studies examined the engineering properties of fibre reinforced GPC.
Ganesan et al. (2013) investigated the effect of the addition of different volume fractions
(0.25%-1%) of steel fibres on the engineering properties of GPC. The test results showed
that the incorporation of 1% by volume of steel fibre significantly improved the
compressive strength and splitting tensile strength of GPC. Farhan et al. (2018a)
examined the effect of the addition of different types (straight micro, deformed macro
and hybrid steel fibre) and different volume contents (1%-3%) of steel fibres on the
engineering properties of GPC. The results demonstrated that the engineering properties
of steel fibre reinforced GPC significantly improved when 2% steel fibres by volume
were added to the GPC mixes. Tanyildizi and Yonar (2016) investigated the compressive
and flexural strengths of GPC containing 1% to 2% by volume of polyvinyl alcohol
(PVA) fibres. The test results demonstrated that the compressive strength and flexural
strength of the GPC improved considerably with the addition of PVA fibre. Reed et al.
(2014) examined the effect of polypropylene fibres (0.05%-0.15%) on the compressive
strength and the ductility of GPC. The results demonstrated that the addition of
polypropylene fibres noticeably enhanced the compressive strength and the ductility of
GPC. Natali et al. (2011) investigated the influence of the inclusion of different types of
fibres (carbon, polyvinyl chloride, polyvinyl alcohol (PVA) and E-glass) on the flexural
strength and toughness of GPC. It was found that the addition of all types of fibre
exhibited considerable improvement in the flexural strength and toughness of GPC. The
inclusion of carbon fibres exhibited the highest enhancement in the flexural strength and
toughness of GPC.
Experimental studies on the structural behaviour of reinforced GPC elements are limited.
Dattatreya et al. (2011) examined the flexural behaviour of reinforced heat cured GPC
beams. The test results demonstrated that the load-carrying capacity of reinforced GPC
beams was slightly higher than that of OPC concrete beams. However, the GPC beams
exhibited lower cracking and service loads compared to OPC concrete beams, as the
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flexural strength and modulus of elasticity of OPC concrete were higher than those of
GPC. Chang (2009) examined the shear behaviour of reinforced heat cured GPC beams.
Test results demonstrated that the shear behaviour of reinforced heat cured GPC beams
was similar to the behaviour of reinforced OPC concrete beams in terms of crack patterns
and failure modes. Ng et al. (2013) examined the effect of the inclusion of steel fibres
into heat cured reinforced GPC beams. The test results demonstrated that the shear
cracking of the reinforced GPC beam was effectively delayed in the presence of steel
fibres, which significantly increased the flexural load capacity.
The structural behaviour of GPC column specimens subjected to compressive axial load
was investigated in several research studies (Maranan et al. 2016; Albitar et al. 2017;
Sumajouw et al. 2007). The results of the existing studies showed that the failure modes
and the load-deflection behaviour of the GPC columns were similar or superior to those
of reinforced OPC concrete column. Maranan et al. (2016) conducted an experimental
study on the compression behaviour of heat cured GPC column specimens reinforced
with glass fibre reinforced polymer (GFRP) bars subjected to concentric axial loads. It
was found that GPC column specimens exhibited relatively comparable or superior
behaviour compared to those of OPC concrete column specimens reinforced with GFRP
bars. Albitar et al. (2017) studied the behaviour of short and slender heat cured GPC
column tested under concentric and eccentric loading. The test results revealed that GPC
columns exhibited similar behaviour to those of OPC concrete columns. Sumajouw et al.
(2007) found that heat cured GPC columns and OPC concrete columns exhibited similar
behaviour. It was found that the code recommendations for the design of OPC concrete
columns could be used for the design of reinforced GPC columns.
The performance of GPC columns was analytically investigated in a few research studies.
Sarker (2009) analysed the behaviour of GPC columns reinforced with steel bars. The test
results showed that the analytical method for OPC concrete columns could be used for
GPC columns with appropriate stress-strain relationships of the GPC. Elchalakani et al.
(2018) presented a finite element model to predict the response of GFRP reinforced GPC
columns under concentric and eccentric axial load. The results of the numerical model in
Elchalakani et al. (2018) matched reasonably well with the experimental results.
The behaviour of GPC columns in general, and steel fibre reinforced GPC in particular,
have been not adequately examined in the literature. In addition, the influences of
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different parameters (i.e., compressive strength of the concrete, reinforcement ratio of
steel bar and the aspect ratio of steel fibres) on the behaviour of steel fibre reinforced
GPC columns need further investigations. Experimental data from previous studies by
Farhan et al. (2018b) and Farhan et al. (2018c) were used as experimental benchmark for
the analytical investigations performed in this study. In this study, the analytical model
using the layer-by-layer integration method was developed to calculate the axial load and
bending moment capacities of GPC columns reinforced with and without steel fibres
under different loading conditions. A parametric study was also performed to analytically
investigate the influence of compressive strength of the GPC concrete, reinforcement
ratio of steel bar and the aspect ratio of steel fibres on the axial load and bending moment
capacities of steel fibre reinforced GPC columns.
9.3 RESEARCH SIGNIFICANCE
In this study, an analytical model was developed to establish and investigate the axial
load-bending moment (P-M) interaction diagrams of GPC columns reinforced with and
without steel fibres using the layer-by-layer integration method. The analytical method
was validated with the experimental benchmarks taken from previous studies by Farhan
et al. (2018b) and Farhan et al. (2018c). Also, an extensive parametric study was carried
out to identify the parameters that significantly influence the P-M interaction diagrams.
The findings of this study will contribute to the better understanding of the performance
of GPC columns reinforced with and without steel fibres under different loading
conditions.
9.4 Analytical modeling
9.4.1 Analytical considerations
In this study, the stress-strain behaviour of plain geopolymer concrete (GPC) and fibre
reinforced GPC were modelled using different approaches. Farhan et al. (2018a) reported
experimental stress-strain curves of plain and steel fibres reinforced GPC. The stressstrain curves of the GPC specimens tested in Farhan et al. (2018a) are shown in Figure
9.1. The stress-strain models of the plain GPC and steel fibre reinforced GPC in this study
are verified with the experimental stress-strain curves in Farhan et al. (2018a).
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9.4.1.1 Modeling of plain geopolymer concrete (GPC)
The stress-strain model proposed by Sarker (2009) for geopolymer concrete (GPC) was
used to model the behaviour of plain geopolymer concrete specimens (REF).

𝑓𝑐 =

𝑓𝑐𝑜 𝑥 𝑛
𝑛 − 1 + 𝑥 𝑛𝑟

(9.1)

𝜀𝑐
𝜀𝑐𝑜

(9.2)

𝑥=

where 𝑓𝑐 and 𝜀𝑐 represent the compressive stress and the corresponding strain of the
concrete, respectively. The 𝑓𝑐𝑜 represents unconfined concrete strength and 𝜀𝑐𝑜 represents
unconfined concrete strain corresponding to 𝑓𝑐𝑜 . The n is the curve fitting factor and r is
a factor that controls the shape of the ascending and the descending branches of the
geopolymer concrete stress-strain curve. The 𝜀𝑐𝑜 and r were calculated using Equations
(9.3-9.5) according to Collins and Mitchell (1991).

𝜀𝑐𝑜 =

𝑓𝑐𝑜 𝑛
.
𝐸𝐶 𝑛 − 1

r =1

𝑟 = 0.67 +

𝑓𝑐𝑜
62

(9.3)

for x ≤ 1

(9.4)

for x > 1

(9.5)

The value of n was calculated using Equation (9.6) according to Sarker (2009).

𝑛 = 0.8 +

𝑓𝑐𝑜
12

(9.6)

The elastic modulus of the GPC (𝐸𝐶 ) was calculated using Equation (9.7) according to
Hardjito et al. (2004).
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𝐸𝐶 = 2707√𝑓𝑐𝑜 +5300

(9.7)

The comparison between the analytical stress-strain model proposed by Sarker (2009),
and the experimental results revealed that the analytical stress-strain model provided a
good correlation with the experimental stress-strain curves of the GPC specimens tested
in Farhan et al. (2018a), as shown in Figure 9.1 (a). Therefore, the stress-strain model
proposed by Sarker (2009) is used to model the behaviour of plain GPC.
9.4.1.2 Modeling of steel fibre reinforced geopolymer concrete (GPC)
The stress-strain relationship proposed by Mansur et al. (1999) for the steel fibre
reinforced OPC concrete was used with some modification to model steel fibre reinforced
GPC specimens in groups MIS, MAS, DES and HYS. The symbols MIS, MAS, DES and
HYS refer to GPC with straight micro steel fibres, GPC with straight macro steel fibres,
GPC with deformed macro steel fibres and GPC with hybrid steel fibres, respectively.
The stress-strain model in Mansur et al. (1999) for the steel fibre reinforced OPC concrete
consisted of ascending and descending branches. The ascending branch of the stressstrain curve of steel fibre reinforced GPC was calculated using Equation (9.8).
𝜀𝑐𝑓
𝛽 (𝜀 )
𝑐𝑜𝑓

𝑓𝑐𝑓 = 𝑓𝑐𝑜𝑓 [
𝜀𝑐𝑓 ]
𝛽 − 1 + (𝜀 )𝛽

(9.8)

𝑐𝑜𝑓

where 𝑓𝑐𝑓 and 𝜀𝑐𝑓 represent the compressive stress and the corresponding strain of the
steel fibre reinforced GPC, respectively. The fcof represents the unconfined concrete
strength with steel fibres and 𝜀𝑐𝑜𝑓 represents unconfined concrete strain with steel fibres
corresponding to fcof.
The material parameter 𝛽 is the curve fitting factor that controls the shape of the stressstrain curve of the ascending and the descending branches of the concrete and is computed
using Equation (9.9).
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𝛽=

1
𝑓𝑐𝑜𝑓
1−𝜀
𝑐𝑜𝑓 𝐸𝑓

(9.9)

In the descending branch of the stress-strain curve, 𝐾1 and 𝐾2 are the two correction
parameters proposed by Mansur et al. (1999) to reflect the influence of steel fibres. The
expression for the descending branch of the stress-strain curve is expressed as follows:
𝜀𝑐𝑓
𝐾1 𝛽 (𝜀 )
𝑐𝑜𝑓

𝑓𝑐𝑓 = 𝑓𝑐𝑜𝑓 [
𝜀𝑐𝑓 𝐾 𝛽 ]
𝐾1 𝛽 − 1 + (𝜀 ) 2

(9.10)

𝑐𝑜𝑓

The value of 𝐾1 and 𝐾2 were calculated using Equations (9.11) and (9.12), respectively.
3.0

50
𝐾1 = (
)
𝑓𝑐𝑜𝑓

1.3

50
𝐾2 = (
)
𝑓𝑐𝑜𝑓

2.5

𝑣𝑓 𝑙𝑓
[1 + 2.5 (
)
𝑑𝑓

]

(9.11)

−1.1

𝑣𝑓 𝑙𝑓
[1 − 0.11 (
)
𝑑𝑓

]

(9.12)

𝑙

where 𝑣𝑓 is volume fraction content of the steel fibres, 𝑑𝑓 is the aspect ratio of the steel
𝑓

fibres, 𝑙𝑓 is the length of the steel fibres and 𝑑𝑓 is the diameter of the steel fibres.
The value of 𝜀𝑐𝑜𝑓 was calculated using Equation (9.13).
𝑣𝑓 𝑙𝑓
𝜀𝑐𝑜𝑓 = [0.00050 + 0.00000072 (
)] (𝑓𝑐𝑜𝑓 )0.35
𝑑𝑓

(9.13)

The modulus of elasticity of the steel fibre reinforced GPC (𝐸𝑓 ) was calculated using the
modulus of elasticity equation of OPC concrete proposed by Mansur et al (1999).
1

𝐸𝑓 = [10300 − 400 𝑉𝑓 ]𝑓𝑐𝑜𝑓 3
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(9.14)

The comparison between the stress-strain model proposed by Mansur et al. (1999) and
the experimental results revealed that the ascending and descending branches of the
stress-strain curves did not match satisfactorily with the test results of steel fibre
reinforced GPC, as shown in Figure 9.1 (b-e). This is because the model proposed by
Mansur et al. (1999) was developed for hooked-end steel fibre and low volume content
of steel fibres (0 to 1.5%). In addition, the model proposed by Mansur et al. (1999) was
developed for steel fibre reinforced OPC concrete. It is known that the GPC has a different
strength development mechanism compared to that of OPC concrete. Therefore, an
attempt was made to obtain a similar equation for the curve fitting factor to reflect an
adequate fit between the calculated and the measured stress-strain curves. Hence,
Equation 9.15 was used to obtain the curve fitting factor 𝛽 for steel fibre reinforced GPC
was obtained by trials.

𝛽=

1
𝑓𝑐𝑜𝑓
𝑐𝑜𝑓 𝐸𝑓

1.2 − 𝜀

(9.15)

Because of the modulus of elasticity of GPC is lower than the modulus of elasticity of
OPC concrete (Fernandez-Jimenez et al. 2006; Hardjito et al. 2004; Sofi et al. 2007) and
the strength development mechanism of GPC is very different from that of OPC concrete,
the modulus of elasticity equation of OPC concrete proposed by Mansur et al. (1999)
cannot be used for GPC. It was therefore attempted to modify the Mansur et al. (1999)
equation for OPC concrete to obtain a modified equation to reflect an adequate fit between
the calculated and the measured moduli of elasticity for steel fibre reinforced GPC. This
is because the moduli of elasticity calculated according to Mansur et al. (1999) for OPC
concrete was higher than the measured moduli of elasticity of steel fibre reinforced GPC.
In addition, the effect of aspect ratio of steel fibres was not included in the moduli of
elasticity calculated according to Mansur et al. (1999). Hence, a regression analysis was
conducted using the experimental data in Farhan et al. (2018a) to develop Equation (9.16)
for the modulus of elasticity of steel fibre reinforced GPC. Therefore, the modulus of
elasticity of steel fibre reinforced GPC was calculated using Equation (9.16).
𝑣𝑓 𝑙𝑓
𝐸𝑓 = [8300 − 400 (
)] 𝑓𝑐𝑜𝑓 1/3
𝑑𝑓
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(9.16)

On the basis of the assumption that the tensile strength of the concrete in tension is weak
and therefore the tensile strength of the concrete is usually ignored for specimens without
steel fibre. However, specimens reinforced with different type of steel fibres, the
contribution of steel fibres in the tension was considered by taking into account the bond
shear strength, orientation of steel fibres volume fraction, and aspect ratio of the steel
fibres. The tensile stress carried by steel fibres was calculated based on the
recommendation in Bentur and Mindess (2006) using Equations (9.17) and (9.18).
𝑙

α𝑓 = 𝜂𝜃 𝜏𝑓 𝑣𝑓 (𝑑𝑓 )
𝑓

2

𝜏𝑓 = 0.6(𝑓𝑐𝑜𝑓 )3

(9.17)

(9.18)

where 𝜂𝜃 is the orientation factor of the steel fibre, which can be taken as 0.5; 𝑣𝑓 is the
𝑙

volume fraction of the steel fibres; 𝑑𝑓 is the aspect ratio of steel fibre; 𝜏𝑓 is the bond shear
𝑓

strength of the steel fibre reinforced concrete, and 𝑓𝑐𝑜𝑓 is the compressive strength of the
steel fibre reinforced concrete.
The comparison between the calculated and experimental stress-strain curves revealed
that the developed stress-strain model for fibre reinforced GPC provides a good
correlation to the experimental results. Therefore, the stress-strain model for fibre
reinforced GPC developed in this study is used to model the behaviour of steel fibre
reinforced GPC columns.
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Figure 9.1 Stress-strain curves of ambient cured geopolymer concrete: (a) Group REF; (b)
Group MIS; (c) Group MAS; (d) Group DES; and (e) Group HYS
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9.4.1.3 Modeling of steel bar
The axial stress-axial strain relationship of the longitudinal reinforcing steel bar was
modelled as bilinear elastic-plastic under tension and compression. The stress (𝑓𝑏 ) at a
given strain (𝜀𝑏 ) of the reinforcing steel bar was computed as a function of the elastic
modulus of steel bar (𝐸𝑏 ) as shown in Equation (9.19).
𝑓𝑏 = 𝜀𝑏 𝐸𝑏

when

𝜀𝑏 < 𝜀𝑦

(9.19)

𝑓𝑏 = 𝑓𝑦

when

𝜀𝑏 ≥ 𝜀𝑦

(9.20)

where 𝑓𝑏 is the stress, and 𝜀𝑏 is the strain, 𝐸𝑏 is the modulus of elasticity and 𝑓𝑦 is yield
strength of the steel reinforcements.
9.4.2 Axial load capacity of GPC columns
The axial load capacity of the GPC columns under concentric axial load (e = 0) was
calculated using Equation (9.21) based on the recommendations in ACI 318-14 (ACI
2014). The bending moment of GPC columns under concentric axial load was taken equal
to zero.
𝑃𝑛 = 0.85 𝑓𝑐𝑜 (𝐴𝑔 − 𝐴𝑠 ) + 𝐴𝑠 𝑓𝑦

(9.21)

where 𝑃𝑛 represents the nominal axial load carrying capacity of the GPC columns and
𝑓𝑐𝑜 represents the unconfined concrete strength. The 𝐴𝑔 and 𝐴𝑠 represent gross crosssectional area of concrete and the total area of longitudinal steel bars, respectively. The
𝑓𝑦 is the yield strength of the longitudinal steel bars. The parameter 𝑓𝑐𝑜 represents the
compressive strength of GPC at 28 days. In this study 𝑓𝑐𝑜 was taken as the GPC
compressive strength on the first day of testing.
9.4.3 Axial load-bending moment (P-M) interaction diagrams
Several research studies developed the axial load-bending moment (P-M) interaction
diagrams for OPC concrete columns by using the layer-by-layer integration method
(Yazici and Hadi 2009; Karim et al. 2016; Khan et al. 2016). Due to the lack of enough
experimental research on the GPC columns, the feasibility of the layer-by-layer
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integration method to investigate the axial load and flexural capacities of GPC columns
has not been adequately assessed. Thus, a similar approach was adopted to determine the
P-M interaction diagrams of the GPC columns. The P-M interaction diagrams of GPC
columns were constructed based on eight points, as shown in Figure 9.2.

Figure 9.2 Schematic of the analytical P-M interaction diagrams
The analytical axial load and the corresponding bending moment capacities of Points AH were calculated for e/h = 0, e/h = 0.05, e/h = 0.1, e/h = 0.23, e/h = 0.5, e/h = 0.67, e/h
=1 and e/h = ∞, where "e" refers to the axial load eccentricities and "h" refers to the
diameter of the columns. Point A represents the maximum axial load capacity of the
column (e/h = 0). Points B-G represent the maximum axial loads and corresponding
bending moments of the columns under eccentric axial loading. Point H represents the
maximum bending moment capacity under flexural loading (e/h =∞). The P-M interaction
diagrams of GPC columns were constructed based on the assumptions that plane sections
remain plane prior and after bending. A perfect bond exists between reinforcing steel bars
and the surrounding concrete. The GPC columns are considered as short columns. Thus,
the effect of the slenderness is ignored when determining the P-M interaction diagrams.
The tensile strength of the concrete in tension is weak and therefore the tensile strength
of the concrete is ignored for GPC columns without steel fibre. However, for the steel
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fibre reinforced GPC columns, the contribution of steel fibres in tension was considered.
This is because the addition of steel fibre into GPC significantly increased the tensile
strength of the concrete, as reported in Farhan et al. (2018a).
9.4.3.1 Layer-by-layer integration method
The circular cross-section was assumed to consist of n number of strips that are small
enough to obtain accurate results with variable width (bi) and a small thickness (t), as
shown in Figure 9.3. The number of strips was determined by dividing the diameter of
the circular cross-section by the thickness of each strip. For reasonably accurate results,
the thickness of each strip should be considerably small. In this study, the circular crosssection was divided into equal small finite parallel strips assuming the thickness of the
strips equal to 1 mm. The average width of each strip can be calculated as

ℎ 2
ℎ
1 2
𝑏𝑖 = 2 √( ) − [ − (𝑖 − ) 𝑡]
2
2
2

(9.22)

where 𝑏𝑖 is the average width of the concrete strip, i is the number of concrete strip,

ℎ
2

is

the radius of the concrete cross section.
On the basis of the assumption that plane sections remain plane prior and after bending,
the axial strain of plain GPC (𝜀𝑐𝑖 ) at the middle of each layer was calculated from the
ultimate concrete strain (𝜀𝑢 ) using Equation (9.23).
1
𝑑𝑛 – (𝑖 − ) 𝑡
2
𝜀𝑐𝑖 = [
] 𝜀𝑢
𝑑𝑛

(9.23)

where 𝑑𝑛 is the depth of the neutral axis. The ultimate concrete strain (𝜀𝑢 ) at the extreme
compressive fibre was taken equal to 0.003, based on the ACI 318-14 (ACI 2014).
Similarly, the strain of the steel fibre reinforced GPC columns (𝜀𝑐𝑖𝑓 ) at the centre of each
layer was calculated using Equation (9.24).
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𝜀𝑐𝑖𝑓 = [

1
𝑑𝑛 – (𝑖 − 2) 𝑡
𝑑𝑛

] 𝜀𝑢

(9.24)

For plain GPC, after calculating the axial strain (𝜀𝑐𝑖 ) at the middle of each layer, the
corresponding axial stress (𝑓𝑐𝑖 ) at the middle of each layer was calculated using Equation
(9.1). For steel fibre reinforced GPC, the axial stress (𝑓𝑐𝑖𝑓 ) at the middle of each layer
corresponding to the axial strain (𝜀𝑐𝑖𝑓 ) was calculated using Equation (9.8).
The forces at the middle of each layer were calculated using Equation (9.25) for plain
GPC columns (Figure 9.3a). The forces at the middle of each layer were calculated using
Equation (9.26) for GPC columns reinforced with steel fibres (Figure 9.3b).
𝐹𝑖 = 𝐹𝑐𝑖 = 𝑓𝑐𝑖 𝐴𝑐𝑖
𝐹𝑖 = 𝐹𝑐𝑖 + 𝐹𝑡𝑖 = 𝑓𝑐𝑖 𝐴𝑐𝑖 + 𝛼𝑓 𝐴𝑡𝑖

(9.25)

(9.26)

where 𝐴𝑐𝑖 and 𝐴𝑡𝑖 are the gross concrete cross-sectional area for each strip in compression
and tension side, respectively.
The force in each bar was calculated using Equation (9.27).
𝐹𝑏𝑖 = 𝑓𝑏𝑖 𝐴𝑏𝑖

(9.27)

The nominal axial strength (𝑃𝑛 ) was computed by taking the summation of the forces in
the concrete cross-section.

𝑃𝑛 = ∑( 𝐹𝑐𝑖 + 𝐹𝑡𝑖 ) + ∑ 𝐹𝑏𝑖

(9.28)

The nominal bending moment (𝑀𝑛 ) was computed by taking the moment of the forces
around the centre of the concrete cross-section.
ℎ
1
ℎ
𝑀𝑛 = ∑( 𝐹𝑐𝑖 + 𝐹𝑡𝑖 ) [ − (𝑖 − ) 𝑡] + ∑ 𝐹𝑏𝑖 ( − 𝑑𝑖 )
2
2
2
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(9.29)

For the analytical P-M interaction diagrams, a Microsoft Excel spreadsheet was used to
implement the calculation procedures.
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Figure 9.3 Stress-strain distribution for P-M interactions using layer-by-layer integration method: (a) without steel fibres and (b) with steel
fibres
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9.5 Verification of developed models for axial load bending moment (P-M)
interaction diagrams
The analytical axial load and bending moment capacities are compared with the
experimental axial load and bending moment capacities to verify the developed analytical
models. The experimental P-M interaction diagrams of GPC columns were constructed
based on four points. Therefore, the analytical axial load and bending moment capacities
were compared with the corresponding axial load and bending moment capacities of the
experimentally tested specimens as shown in Table 9.1. The details of the experimental
P-M interaction diagrams for the GPC specimens were provided in Farhan et al. (2018b)
and Farhan et al. (2018c). For clarity, the experimental program is briefly described in
this paper. The experimental program consisted of testing of twenty circular GPC
columns under different loading conditions. The column specimens were divided into five
groups with four specimens in each group. The first group of specimens comprised of
GPC without steel fibres (Group GREF). The second group comprised of GPC reinforced
with 2% by volume of straight micro steel fibres (Group GMIS). The third group
comprised of GPC reinforced with 2% by volume of straight macro steel fibres (Group
GMAS). The fourth group comprised of GPC reinforced with 2% by volume of deformed
macro steel fibres (Group GDES). The fifth group comprised of GPC reinforced with 2%
by volume of hybrid (1% straight micro steel fibres and 1% deformed macro steel fibres)
steel fibres (Group GHYS). For each group, the first specimen was tested under
concentric axial load. The second and third specimens were tested under 15 mm and 35
mm eccentric axial load, respectively. The last specimen from each group was tested as
beams under four-point bending. The specimens were labelled in two parts. The first part
refers to the type of specimen (GREF, GMIS, GMAS, GDES and GHYS). The second
part refers to the load condition (0 for concentric axial load, 15 for 15 mm eccentric axial
loads, 35 for 35 mm eccentric axial loads and F for four-point load). All specimens were
150 mm in diameter and 600 mm in height. All specimens were reinforced longitudinally
with six N10 steel bars (deformed steel bars of 10 mm) and transversally with R8 steel
helices (plain steel bars of 8 mm) with a pitch of 40 mm.
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Table 9.1 Comparison of experimental and analytical results
Group

Test
specimen

Experimental
peak axial
load (kN)

Experimental
bending
moment
(kN.m)

Analytical
peak axial
load (kN)

Analytical
bending
moment
(kN.m)

GREF0

1258.3

0

1065.7

0

GREF15

822.9

13.8

774.8

12.56

GREF35

479.6

18.1

445.7

16.9

GREFF

-

17.7

-

12.8

GMIS0

1390.7

0

1121.3

0

GMIS15

959.6

18.7

870.3

14.2

GMIS35

556.3

22.6

529.9

19.9

GMISF

-

21.4

-

15.8

GMAS0

1332.6

0

1104.7

0

GMAS15

930.6

18.1

928.3

16.9

GMAS35

521.6

21.8

520.6

21.5

GMASF

-

20.3

-

17.7

GDES0

1275.2

0

1076.2

0

GDES15

879.8

17.1

837.1

13.7

GDES35

505.3

20.7

502.8

19.3

GDESF

-

19.2

-

15.3

GHYS0

1441.9

0

1139.3

0

GHYS15

979.3

19.3

912.0

14.5

GHYS35

576.1

23.7

558.4

20.2

GHYSF

-

22.3

-

16.1

GREF

GMIS

GMAS

GDES

GHYS

The analytical and experimental P-M interaction diagrams for the GPC specimens are
presented in Figure 9.4. For Group GREF, the analytical P-M interaction diagrams for all
loading types provided good correlations to the experimental P-M interaction diagrams
(Figure 9.4a). For Specimens GREF0, GREF15 and GREF35, analytical axial loads were
84.7%, 94.2% and 92.9%, respectively, of the experimental axial loads. Similarly, for
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Specimens GREF15, GREF35 and GREFF, analytical bending moments were 90.9%,
92.6% and 72.5%, respectively, of the experimental bending moments. The analytical
results revealed that the specimens in Group GREF could be modelled as an unconfined
concrete specimen by ignoring the confinement provided by the steel helices.
The analytical P-M interaction diagrams of Group GMIS specimens underestimated the
experimental P-M interactions under concentric and eccentric axial loads and four-point
bending (Figure 9.4b). The analytical axial loads of Specimens GMIS0, GMIS15 and
GMIS35 were 80.6%, 90.7% and 95.3%, respectively, of the experimental axial loads.
Analytical bending moments of Specimens GMIS15, GMIS35 and GMISF were 76.1%,
87.8% and 73.8%, respectively of the experimental bending moments. The analytical PM interactions of Group GMAS specimens matched well with the experimental P-M
interactions under concentric, 15 mm and 35 mm eccentric axial loads (Figure 9.4c). The
analytical axial load of Specimens GMAS0, GMAS15 and GMAS35 were 82.8%, 99.7%
and 99.8%, respectively, of the experimental axial loads. Similarly, the analytical bending
moments of Specimens GMAS15, GMAS35 and GMASF matched well with the
experimental bending moments. The analytical bending moments of Specimens
GMAS15, GMAS35 and GMASF were 96.6%, 98.6% and 87.1% respectively, of the
experimental bending moments.
For Group GDES specimens, it can be seen the analytical P-M interactions are close to
the experimental P-M interactions under concentric and eccentric axial loads and fourpoint bending (Figure 9.4d). For Specimens GDES0, GDES15 and GDES35, analytical
axial loads were 84.4%, 95.1% and 99.5%, respectively, of the experimental axial loads.
For Specimens GDES15, GDES35 and GDESF, the analytical bending moments were
80.1%, 93.1% and 79.5%, respectively, of the experimental bending moments. The
analytical P-M interactions of Group GHYS specimens underestimated the experimental
P-M interactions under concentric and eccentric axial loads and four-point bending
(Figure 9.4e). The analytical axial loads of Specimens GHYS0, GHYS15 and GHYS35
were 79%, 93.1% and 96.9%, respectively, of the experimental axial loads. The analytical
bending moments of Specimens GHYS15, GHYS35 and GHYSF were 78.8%, 83.0% and
82.3%, respectively, of the experimental bending moments.
From Figure 9.4(a-e), it was found that the analytical results of all tested specimens
(Group GREF, GMIS, GMAS, GDES and GHYS specimens) agreed well with the
experimental results, however, the analytical bending moment for column specimens
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tested under four-point bending was significantly lower than of experimental bending
moment. This may be because column specimens tested under four-point bending had
shear spans shorter than twice the effective depth of the column cross section. It can also
be observed that most of the analytical results are lower than the experimental results.
This may be because the analytical P-M interaction diagrams were drawn based on the
compressive strength of GPC on the first day of testing. However, the compressive
strength of GPC increased during the testing process. Also, the analytical modelling
presented herein did not consider the secondary bending moments, as the specimens were
considered short columns. Furthermore, the contribution of steel helix confinement in the
ultimate axial load capacity was ignored in this study. It is important to note that the
experimental axial load and bending moment capacities exhibited an upper bound with a
reasonable margin, which were predicted conservatively by the analytical models.
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Figure 9.4 Analytical and experimental P-M interaction diagrams: (a) Group GREF; (b)
Group GMIS; (c) Group GMAS; (d) Group GDES; and (e) Group GHYS
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9.6 Parametric study
The analytical model developed in this study was used to investigate the effects of
different parameters on the structural performance of steel fibre reinforced circular GPC
columns in terms of interaction diagrams. The main parametric study used in this study
included the compressive strength of GPC, the longitudinal steel bar reinforcement ratio
and the aspect ratio (ls /ds) of steel fibre. The cross-section dimensions of the columns and
volume fraction of steel fibres studies were similar to those used in the experimental
testing. The columns were circular in cross-section with a diameter of 150 mm and the
volume fraction of steel fibres were 2%. The GPC columns with a compressive strength
of 50 MPa, ρ = 2.67% and the aspect ratio (ls /ds) of steel fibre of 30 were considered as
reference columns for the parametric study. Only the parameter that is investigated in the
parametric study varied and all other parameters were kept constant.
9.6.1 Influence of concrete compressive strength
Concrete compressive strength is one of the essential parameters which affect the
structural behaviour of reinforced GPC columns. Specimens in the second group (GMIS)
and Specimens in the third group (GMAS) were employed as references for the
parametric study. The GMIS and GMAS groups with four compressive strength of
concrete (i.e., 50, 60, 70, and 80 MPa) were considered to investigate the effect of
compressive strength of GPC on P-M interaction diagrams.
The P-M interaction diagrams for the different compressive strength of GPC are shown
in Figure 9.5. The increase in the compressive strength of GPC significantly increased
the axial load and bending moment capacities (Figure 9.5). This implies that the axial
load and bending moment capacities of the GPC columns can be improved significantly
by using high strength concrete. Figure 9.5 shows that the effect of compressive strength
of GPC was more pronounced for GPC columns with a low level of eccentricity, at which
the compressive strength of concrete generally dominants the axial load carrying capacity
of the columns.
It was observed that the increase in the compressive strength of GPC columns including
MIS and MAS fibres, the axial load of GPC columns tested under concentric axial load
was similar. However, GPC columns tested under eccentric axial load and four-point
bending that included MAS fibres sustained higher axial load and bending moment
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capacities compared to the GPC columns that included MIS fibres. This may be because
the steel fibres with a high aspect ratio (longer length) produced a stronger bond between
the GPC mixes and the steel fibres which enhanced the axial load and bending moment
capacities of steel fibre reinforced GPC columns. From the parametric study, it can be
concluded that the use of high aspect ratio of steel fibre (MAS) effectively increased the
axial load and bending capacities more than the use of low aspect ratio of steel fibres
(MIS) in high strength concrete.
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Figure 9.5 Influence of compressive strength of concrete on P-M interaction diagrams:
(a) Group GMIS and (b) Group GMAS
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9.6.2 Longitudinal steel bar reinforcement ratio
The longitudinal steel bar reinforcement ratio is also an essential parameter that affects
the structural behaviour of steel reinforced GPC columns. The axial load and bending
moment capacities of the GPC columns were significantly influenced by the longitudinal
steel bar reinforcement ratio. The GMIS and GMAS groups with four longitudinal steel
bar reinforcement ratios (ρ = 2.67%, 3.84%, 5.22%, and 6.83%) were considered to study
the effect of longitudinal steel bar reinforcement ratio on P-M interaction diagrams. The
P-M interaction diagrams of Groups GMIS and GMAS for the different longitudinal
reinforcement ratios are shown in Figure 9.6.
Figure 9.6 shows that as the longitudinal reinforcement ratio increases, the axial loads
and bending moment capacities increases. This can be attributed to the fact that steel bars
were effective in resisting loads under concentric axial load, eccentric axial load and fourpoint bending. The increase in the steel bar reinforcement ratio resulted in a larger
increase in the axial load and bending moment capacities of GPC columns that included
MAS fibres than in GPC columns that included MIS fibres. It can be observed that the
increase in longitudinal reinforcement ratio has a greater effect on the axial load and
bending moment capacities of GPC columns than the increase in the compressive strength
of concrete when subjected to a larger axial load eccentricity. Hence, to increase the axial
load and bending moment capacities of GPC columns with a larger loading eccentricity,
the steel area should be increased rather than the compressive strength of concrete. The
strains in the compression and tension bars were checked in terms of the ultimate strains
for all the cases and no failure occurred in these bars when the strain in concrete reached
its ultimate value.
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Figure 9.6 Influence of longitudinal steel bar reinforcement ratio on P-M interaction
diagrams: (a) Group GMIS and (b) Group GMAS
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9.6.3 Aspect ratio of steel fibres
The GMIS group with four aspect ratios (same diameter with different lengths) (i.e. 30,
50, 70 and 100) was investigated, while all other parameters were kept the same to study
the influence of aspect ratio (ls /ds) of steel fibre on P-M interaction diagrams. The P-M
interaction diagrams for the different aspect ratios of steel fibre are shown in Figure 9.7.
It can be seen that the aspect ratios of steel fibre did not significantly influence the axial
load capacities for GPC columns tested under concentric axial load (Figure 9.7).
However, the increase in the aspect ratios of steel fibre resulted in a significant increase
in the axial loads and bending moment capacities of GPC columns tested under eccentric
axial loads and four-point bending. It can be concluded that the axial loads and
corresponding bending moment under eccentric axial loads and four-point bending
capacities of the GPC columns can be improved significantly by using a high aspect ratio
of steel fibres. This is because steel fibres with a smaller aspect ratio (shorter length) was
less effective in bridging macrocracks, as more steel fibres may be pulled out of the GPC
mix when the microcracks are transformed into macrocracks.
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Figure 9.7 Influence of aspect ratio of steel fibre on P-M interaction diagrams for Group
GMIS
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9.7 Conclusions
This paper developed an analytical model to predict the axial load-bending moment (PM) interaction diagrams of geopolymer concrete (GPC) columns reinforced with and
without steel fibres. A parametric study was conducted to investigate the effects of the
compressive strength, longitudinal reinforcement ratio and the aspect ratio of steel fibres
on the axial load-bending moment (P-M) interaction diagrams of GPC columns. The
following conclusions can be drawn based on the analytical results:
1. The analytical axial load and bending moment capacities for GPC columns without
steel fibre calculated by the stress-strain model in Sarker (2009) provided a good
correlation to the experimental axial loads and bending moments.
2. The analytical axial load and bending moment capacities for GPC columns reinforced
with steel fibre calculated using the modified stress-strain model developed in this study
provides a good correlation to the experimental axial load and bending moment capacities
of GPC columns reinforced with steel fibres.
3. The analytical model developed in this study predicted the axial load-bending moment
(P-M) interaction diagrams of GPC columns reasonably close to the experimental results.
However, the analytical bending moment for GPC specimens tested under four-point
bending was lower than the experimental bending moment. This may be because the GPC
specimens tested under four-point bending had shear spans shorter than twice the
effective depth of the cross-sections of the specimens.
4. The parametric study showed that the increase in the compressive strength of concrete
had a pronounced influence on the concentric and eccentric axial loads and a marginal
influence on four-point bending. Geopolymer concrete columns tested under eccentric
axial load and four-point bending that included MAS fibres sustained higher axial loads
and bending moments compared to the GPC columns that included MIS fibres.
5. The parametric study demonstrated that the increase in the longitudinal reinforcement
ratio showed a larger increase in the bending moment for GPC specimens tested under
four-point bending than axial load and bending moment capacities of GPC columns tested
under concentric and eccentric axial loads. Geopolymer concrete columns tested under
eccentric axial load and four-point bending that included MAS fibres sustained higher
axial loads and bending moments compared with the GPC columns that included MIS
fibres.
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6. The capacities of the GPC columns tested under eccentric axial load and four-point
bending can be improved significantly by using a high aspect ratio of steel fibre.
Based on the analytical results presented in this study, it can be concluded that the GPC
columns can be analysed using the same procedure that is used for reinforced OPC
concrete columns.
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Chapter 10: Conclusions and Recommendations
10.1 Overview
The aim of this study is to develop steel fibre reinforced geopolymer concrete cured under
ambient conditions for structural applications. Developing geopolymer concrete requires
a suitable mix design that will attain the compressive strength and the desired workability.
The Taguchi method was used to design optimum mix proportions for geopolymer
concrete with ground granulated blast furnace slag (GGBS) as the source of
aluminosilicate under ambient curing conditions. The experimental results of the
optimum mix proportions for geopolymer concrete at ambient curing conditions are
presented in Chapter Two.
Further investigation of the engineering properties of Fly ash-based geopolymer (FAGP)
and alkali-activated slag (AAS) concrete is needed for the design and field
implementation of eco-friendly concrete structures. The engineering properties of normal
strength and high strength FAGP and AAS concrete were compared to the engineering
properties of normal strength and high strength Ordinary Portland Cement (OPC)
concrete. The engineering properties considered in this study included workability, dry
density, ultrasonic pulse velocity (UPV), compressive strength, indirect tensile strength,
flexural strength, direct tensile strength, and stress-strain behaviour in compression and
direct tension. Microstructural observations were also carried out using scanning
electronic microscopy (SEM). The results of these experiments are presented in Chapter
Three.
In this thesis, the influence of different types of steel fibres on the engineering properties
of ambient cured geopolymer concrete was investigated. Four types of steel fibres, i.e.,
straight micro steel fibre, straight macro steel fibre, deformed macro steel fibre and hybrid
steel fibre were added to the geopolymer concrete mixes. The experimental test results of
the engineering properties of straight micro steel fibre, deformed macro steel fibre and
hybrid steel fibre are presented in Chapter Four. The effects of aspect ratio (same diameter
with different lengths) and volume fraction of steel fibres on the engineering properties
of ambient cured geopolymer concrete were then investigated. The straight macro steel
fibres with an aspect ratio of 65 and straight micro steel fibres with an aspect ratio of 30
were added into the geopolymer concrete mixes. The experimental results are presented
in Chapter Five.
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The effect of corrosion on the bond between reinforcing steel bars and steel fibre
reinforced geopolymer concrete was investigated. An accelerated corrosion method was
used to corrode the reinforcing steel bars embedded in geopolymer concrete. In this
experiment, straight micro steel fibres, deformed macro steel fibres, and hybrid steel
fibres were used. The test results are presented in Chapter six.
The behaviour of ambient cured geopolymer concrete column specimens reinforced with
steel fibres was also investigated under different loading conditions. Twenty-four circular
concrete column specimens of 150 mm diameter and 600 mm height, divided into six
main groups were prepared and experimentally tested in the Structural Engineering
laboratory at the University of Wollongong, Australia. The effects of adding straight
micro steel fibres, straight macro steel fibres, deformed macro steel fibres and hybrid steel
fibres to the geopolymer concrete specimens was investigated under concentric, eccentric
axial, and four-point bending. The behaviour of ambient cured geopolymer concrete
column specimens compared to Ordinary Portland Cement (OPC) concrete column
specimens under different loading conditions was then investigated. The test results are
presented in Chapters Seven and Eight.
Finally, the analytical models used to predict the axial load-bending moment (P-M)
interaction diagrams of geopolymer concrete columns with and without steel fibres are
developed. The developed analytical models were validated with the experimental results.
A parametric study was also carried out to determine the influence of compressive
strength of concrete, longitudinal reinforcement ratio and the aspect ratio of steel fibres
on the axial load-bending moment (P-M) interaction diagrams of geopolymer concrete
columns. The results of the analytical modeling are presented in Chapter Nine. The next
sections present the main conclusions of this study and recommendations for future
studies.
10. 2 Conclusions
The following conclusions are drawn from the experimental and analytical results
presented in this study:
1. Geopolymer concrete with a binder content of 450 kg/m3, Al/Bi ratio of 0.35, SS/SH
ratio of 2.5, and SH concentration of 14 M achieved the highest compressive strength
under ambient curing conditions. However, the setting time was found to be short.
312

Replacing GGBS with FA increased the setting time and the slump of the fresh
geopolymer concrete. The inclusion of FA into the GGBS-based geopolymer concrete
mixes proved to be a suitable binder of geopolymer concrete for in situ construction and
precast construction under ambient curing conditions, thus eliminating the need for heat
curing.
2. The normal strength (compressive strength of about 35 MPa) FAGP and AAS concrete
achieved comparable tensile strengths to those of normal strength OPC concrete.
However, the tensile strengths of high strength (compressive strength of about 65 MPa)
FAGP and AAS concrete was higher than those of high strength OPC concrete. The
modulus of elasticity of normal strength and high strength FAGP and AAS concrete was
less than the modulus of elasticity of OPC with the similar compressive strengths.
3. The workability of geopolymer concrete mixes decreased as the volume fraction of
steel fibres increased. The addition of 0-2% by volume of all types of steel fibres into
geopolymer concrete mixes did not significantly affect the workability of geopolymer
concrete mixes. However, adding 3% by volume of steel fibres into the geopolymer
concrete mixes significantly reduced the workability of geopolymer concrete mixes and
resulted in a less workable concrete.
4. The compressive strength, splitting tensile strength, flexural strength, and direct tensile
strength of geopolymer concrete mix increased with the addition of steel fibres. The
stress-strain response of geopolymer concrete mixes changed from brittle to ductile by
the addition of steel fibres. Significant improvements in the mechanical properties of
geopolymer concrete were observed for the addition of 2% by volume of all four types of
steel fibres. The addition of hybrid steel fibre (1% straight micro steel fibre plus 1%
deformed macro steel fibres) showed the highest improvement in the mechanical
properties of ambient cured geopolymer concrete.
5. The compressive strength of geopolymer concrete increased significantly with the
addition of low aspect ratio steel fibres (micro steel fibres) and the indirect tensile
strength, flexural strength, direct tensile strength and the toughness of ambient cured
geopolymer concrete increased as the aspect ratio of steel fibres (macro steel fibres)
increased.
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6. The steel fibre reinforced geopolymer concrete specimens showed good resistance to
chloride attack than the geopolymer concrete specimens without steel fibre. The addition
of steel fibres to the geopolymer concrete significantly enhanced the bond stress and
improved the corrosion resistance of the specimens.
7. The results showed that ambient cured geopolymer concrete has the potential to be
used in a wide range of the structural applications. It was shown that the failure modes of
ambient cured geopolymer concrete specimens without steel fibres were similar to the
failure modes of OPC concrete specimens under concentric axial loads, eccentric axial
loads, and four-point bending. For all specimens, failure occurred at the mid-height of the
tested specimens. The failure was initiated by the buckling of the longitudinal steel bars
followed by the rupture of the longitudinal steel bars or fracture of the steel helixes.
8. The axial load carrying capacities of ambient cured geopolymer concrete column
specimens without steel fibre was almost similar to the axial load carrying capacities of
the OPC concrete specimens under concentric axial load, eccentric axial load, and fourpoint bending.
9. The axial load carrying capacities of ambient cured steel fibres reinforced geopolymer
concrete column specimens was higher than the axial load carrying capacities of ambient
cured geopolymer concrete specimens without steel fibre under concentric and eccentric
axial loads. The axial load carrying capacity of specimens decreased as the eccentricity
of the applied axial load increased. Geopolymer concrete column specimens reinforced
with hybrid steel fibres (1% straight micro steel fibres plus 1% deformed macro steel
fibres) carried the highest axial load under concentric and eccentric axial loads, whereas
the geopolymer concrete column specimens reinforced with hybrid steel fibres that were
tested under concentric axial loads carried 14.6% higher axial load than geopolymer
concrete specimens without steel fibres. Geopolymer concrete column specimens
reinforced with hybrid steel fibres that were tested under 15 mm and 35 mm eccentric
axial loads carried 19% and 20.1%, respectively higher axial loads than geopolymer
concrete specimens without steel fibres.
10. The addition of steel fibres into ambient cured geopolymer concrete specimens
increased the axial load carrying capacity of the specimens under eccentric axial loads
more than the increase in the axial load carrying capacity of specimens under concentric
axial load.
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11. Under four-point bending, the geopolymer concrete column specimens reinforced
with hybrid steel fibres resisted the highest flexural load compared to the specimens in
the other groups. Geopolymer concrete column specimens reinforced with hybrid steel
fibre achieved 26% higher flexural load than geopolymer concrete specimens without
steel fibres.
12. The ductility of ambient cured steel fibre reinforced geopolymer concrete column
specimens was greater than the ductility of the geopolymer concrete specimens without
steel fibres under concentric axial loads, eccentric axial loads and four-point bending.
Geopolymer concrete column specimens reinforced with hybrid steel fibre achieved the
highest ductility compared to the specimens in the other groups tested under concentric
axial loads, eccentric axial loads and four-point bending. Geopolymer concrete column
specimens reinforced with hybrid steel fibre tested under concentric axial loads achieved
146.2% higher ductility than geopolymer concrete specimens without steel fibres. The
geopolymer concrete column specimens reinforced with hybrid steel fibre tested under
15 mm and 35 mm eccentric axial loads achieved 72.7% and 45.5%, respectively higher
ductility than geopolymer concrete specimens without steel fibre. Geopolymer concrete
column specimens reinforced with hybrid steel fibres tested under four-point bending
achieved about 192.8% higher ductility than geopolymer concrete specimens without
steel fibres.
13. The peak axial load and flexural load of ambient cured steel fibres reinforced
geopolymer concrete column specimens increased significantly by the addition of low
aspect ratio steel fibres under concentric axial load, eccentric axial load, and four-point
bending. The ductility of ambient cured steel fibres reinforced geopolymer concrete
column specimens increased significantly by the addition of high aspect ratio steel fibres
under concentric axial loads, eccentric axial loads and four-point bending.
14. The analytical investigations showed that the axial loads and bending moment
capacities for geopolymer concrete columns without steel fibres calculated by Sarker
(2009) stress-strain model correlated very well with the experimental axial loads and
bending moments. Moreover, the analytical axial loads and bending moment capacities
for geopolymer concrete with steel fibres that were calculated using the modified stressstrain model developed in this study correlated very well to the experimental axial loads
and bending moment capacities of geopolymer concrete with steel fibres.
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15. The analytical model developed in this study predicted the axial load-bending moment
(P-M) interaction diagrams of geopolymer concrete columns reasonably close to the
experimental results. However, the analytical bending moment for geopolymer concrete
specimens tested under four-point bending was lower than the experimental bending
moment. This may be because the geopolymer concrete specimens tested under four-point
bending had shear spans shorter than twice the effective depth of the cross-sections of the
specimens.
16. The layer-by-layer integration method adopted in this research study can be used to
predict the P-M interaction diagrams of ambient cured plain and steel fibre reinforced
geopolymer concrete specimens.
17. The parametric study showed that an increase in the compressive strength of concrete
had a pronounced influence on the concentric and eccentric axial loads and marginal
influence on four-point bending.
18. The parametric study showed that an increase in the longitudinal reinforcement ratio
showed a larger increase in the bending moment for geopolymer concrete specimens
tested under four-point bending than the axial loads and bending moment capacities of
geopolymer concrete columns tested under concentric and eccentric axial loads.
19. The capacities of the geopolymer concrete columns tested under eccentric axial load
and four-point bending can be improved significantly by using a high aspect ratio of steel
fibres.
10.3 Recommendations for future studies
The results of this study is a promising step towards the use of ambient cured geopolymer
concrete for structural applications. Further research studies are recommended to obtain
a better understanding of the structural behaviour and the overall performance of
geopolymer concrete cured under ambient conditions. The recommendations for the
future research studies are summarised as follows:
1. Additional investigations of ambient cured geopolymer concrete mixes with a wide
range of compressive strengths is recommended to create wider knowledge for the design
and field implementation of eco-friendly concrete structures.
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2. The inadequate ductility and low tensile and flexural strengths of ambient cured
geopolymer concrete limits the use of ambient cured geopolymer concrete in the
construction of structures. Further investigation is needed to overcome the brittleness and
sudden failure of ambient cured geopolymer concrete by incorporating of different types
of steel fibres with different geometry and volume contents in individual and in hybrid
forms into geopolymer concrete mixes.
3. The lower modulus of elasticity observed in ambient cured geopolymer concrete limits
the use of ambient cured geopolymer concrete in the construction of structures. Further
investigations are needed to improve the modulus of elasticity of ambient cured
geopolymer concrete.
4. More research studies are recommended to develop stress-strain models of geopolymer
concert with different types of steel fibres.
5. Similar studies on the behaviour of ambient cured steel fibres reinforced geopolymer
concrete columns with different concrete strength and different cross-section (square and
rectangular) tested under different loading conditions can be investigated further in order
to fully understand the behaviour of geopolymer concrete columns.
6. Experimental and analytical investigations on the structural behaviour of Glass FibreReinforced Polymer (GFRP) bar and Carbon Fibre-Reinforced Polymer (CFRP) bar
reinforced circular geopolymer concrete columns with steel fibres under different loading
conditions are recommended.
7. Experimental and analytical investigations on the structural behaviour of Glass FibreReinforced Polymer (GFRP) reinforced and Carbon Fibre-Reinforced Polymer (CFRP)
bar reinforced circular geopolymer concrete columns with polypropylene fibres under
different loading conditions are also recommended.
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Preamble
An experimental program was carried out to evaluate three different methods for
determining the tensile strength of steel fibre reinforced concrete (SFRC). The objective
of this study was achieved by using three different methods which are the splitting test
(ST), double punch test (DPT) and direct tensile test (DTT). The compressive strength of
the concrete used in this study ranged between 30 and 80 MPa with 0%, 1.5% and 3%
steel fibre by volume of the concrete. Details of the main experimental program and the
test results are discussed in the following sections.
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1. Abstract
This study presents an experimental evaluation of three different methods for determining
the tensile strength of steel fibre reinforced concrete (SFRC). The test methods include
the splitting test (ST), double punch test (DPT) and direct tensile test (DTT). The
compressive strength of the concrete used in this study ranged between 30 and 80 MPa
with 0%, 1.5% and 3% steel fibre by volume of the concrete. In total, 81 concrete
cylinders were cast and tested for 28 days compressive strength, splitting tensile strength
and double punch tensile strength of the concrete. In addition, 27 concrete prism
specimens were cast and tested to determine the direct tensile strength of the concrete.
The test results show that, compared to the ST, the DPT is more effective in predicting
the tensile strength of SFRC, as the tensile strengths obtained from the DPT and the direct
tensile test are very close. The DPT is easier to perform and costs less than the ST and
the DTT.
2. Introduction
The use of steel fibre-reinforced concrete (SFRC) in structural applications has
experienced continuous growth due to its enhanced tensile strength, flexural strength and
ductility. Several studies have been carried out in the literature to investigate the
mechanical properties of SFRC. Although generally neglected in structural design, the
tensile strength of concrete is an important aspect in the design of concrete dams, airport
pavement and tunnel lining. This is particularly because the cracking behaviour of
concrete is a function of its tensile strength (Zain et al. 2002).
Different test methods have been used to determine the tensile strength of plain concrete
and SFRC either directly or indirectly. The direct tensile test (DTT) can be performed to
characterize many properties of SFRC, such as the tensile stress-strain behaviour, postpeak response (softening or hardening), tensile modulus of elasticity and tensile strength.
All these properties are essential in the design of SFRC members. However, there is no
standard test procedure to determine the direct tensile strength of concrete. Also, there
are difficulties associated with the test methods for the direct tensile strength of concrete.
The difficulties in testing the direct tensile strength of concrete include misalignment and
concentration of stresses at the gripping devices and the slippage between concrete and
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the gripping devices (Choi et al. 2014; Swaddiwudhipong et al. 2003; Van Mier and Van
Vliet 2002; Wee et al. 2000).
The indirect tensile strength test of concrete cylinders (splitting test, ST) is the most
common test method used in the structural design of concrete members due to the
relatively small size of the concrete sample and the availability of the testing machines.
Many standards (e.g. ASTM C496, 2004; Australian Standard (AS) 1012.10, 2000) have
adopted the ST to determine the tensile strength of plain concrete. Several research studies
(e.g. Folliard and Smith 2003; Molins et al. 2009; Abrishambaf et al. 2015; Behnood et
al. 2015) have also used the ST to evaluate the tensile strength of SFRC. Olesen et al.
(2006), however, did not recommend the use of the ST to determine the tensile strength
of SFRC due to the random distribution of the steel fibre within the concrete matrix of
the SFRC.
Chen (1970) proposed the double punch test (DPT) as an alternative method to determine
the tensile strength of concrete indirectly. The use of the DPT method for determining the
tensile strength of plain concrete has been investigated and assessed in several studies
(e.g. Chen and Yuan 1980; Marti 1989; Molins et al. 2009; Carmona et al. 2013; Kim et
al. 2015). According to these studies, the DPT has the advantages of being easier to
perform than the ST and yielding more accurate measurements of the tensile strength of
concrete. Marti (1989) experimentally investigated the effect of the size of the specimen
on the tensile strength of plain concrete obtained from the DPT method. In Marti (1989)
the ratio of the diameter of the specimen to the maximum size of the aggregate (D/Da)
was varied from 8 to 128. It was found that the tensile strength of the concrete increased
with the increase in the D/Da ratio. Molins et al. (2009) used the DPT to determine the
tensile strength and toughness of SFRC. Molins et al. (2009) concluded that the DPT had
both economical and technical advantages over the ST when determining the tensile
strength of SFRC. Also, a lower coefficient of variation in the tensile strength of SFRC
was observed for the DPT compared to the ST. Most of the previous studies on SFRC
compared only the tensile strength obtained from the ST and the DPT. Goaiz et al. (2018)
evaluated the tensile strength of reactive powder concrete (RPC) using three different test
procedures: the ST, DPT and DTT. It was reported that the DPT provided a more
representative tensile strength of RPC compared to the ST.
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The main aim of this study is to examine the reliability of the DPT in evaluating the tensile
strength of SFRC across a wide range of concrete strengths. This study also compares the
tensile strengths of SFRC obtained from the ST and DPT with those obtained from DTT.
However, development of factors to evaluate the tensile strength of SFRC based on the
percentage of steel fibres by volume and the compressive strength of concrete is
considered beyond the scope of this paper. This study includes plain concrete and SFRC
with compressive strengths ranging between 30 and 97 MPa.
3. Experimental Program
This study experimentally investigates three test methods for the tensile strength of
SFRC: the ST, the DPT and the DTT. Two types of concrete were used: plain concrete
and SFRC with nominal compressive strengths ranging between 30 and 80 MPa. In this
study, 81 concrete specimens were cast and tested to determine 28-days compressive
strength, splitting tensile strength and double punch tensile strength of the concrete. In
addition, 27 concrete prism specimens were also cast and tested to determine the direct
tensile strength of the concrete.
4. Materials
A total of nine concrete mixes were prepared using general purpose cement, silica fume,
crushed gravel (5-10 mm), coarse sand, fine sand, water, a water-reducing admixture and
straight steel fibre. The water-reducing admixture was Sika-Viscocrete (SAPL 2016). The
steel fibre was 13 mm long and 0.2 mm in diameter with a maximum tensile strength of
2500 MPa. The steel fibre was supplied by Ganzhou Daye Metallic Fibres (GZDYMF
2015). Table 1 shows the mix proportions of the concrete mixes. For plain concrete, three
mixes were designed to have nominal compressive strengths of 30, 50 and 80 MPa. The
SFRC mixes included 1.5% and 3% steel fibre by volume of concrete.
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Table 1 Mix proportion for plain concrete and SFRC
Mixes (kg/m3)
Plain concrete

Steel fibre reinforced concrete

Material
PC30

PC50

PC80

S30-1.5

S50-1.5

S80-1.5

S30-3

S50-3

S80-3

3

kg/m
Cement

260

360

425

260

360

425

260

360

425

Fly ash

100

100

----

100

100

----

100

100

----

Silica fume

----

----

75

----

----

75

----

----

75

Fine sand

230

230

170

230

230

170

230

230

170

Coarse sand

530

500

400

530

500

400

530

500

400

10 mm aggregate

950

1000

500

950

1000

500

950

1000

500

Water

190

170

150

190

170

150

190

170

150

2

5

6.5

2

5

6.5

2

5

6.5

Steel fibre

----

----

----

120

120

120

240

240

240

28-day
compressive
strength (MPa)

30.6

56.0

81.3

35.8

68.0

89.1

37.8

71.7

95.0

Water reducing
admixture

5. Mixing, casting and curing of specimens
A pan type concrete mixer was used to mix nine concrete mixes. First, all dry materials
(cement, silica fume, aggregate and sand) were mixed together for 5 minutes. Then, the
water and the water-reducing admixture were added to the dry mixture. After 5 minutes
of mixing, the plain concrete mix was ready to be cast. To produce SFRC, steel fibres
were added to the mix gradually to ensure uniform distribution of the fibres. Finally, the
mixing continued for 3 minutes, after which the SFRC was ready to be cast. Each mix
was cast to produce three cylinders (100 mm diameter × 200 mm height) for the
compressive strength test, three cylinders (150 mm diameter × 300 mm height) for the
ST, three cylinders (150 mm diameter ×150 mm height) for the DPT and three prism
specimens (100 mm width × 100 mm height × 500 length) for the DTT. All specimens
were taken out of the moulds after 24 hours and cured in water at a temperature of 23°C
± 3°C for 27 days.
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6. Labelling system of the concrete mixes
For the purposes of this study, each concrete mix has been identified with an acronym
(Table 1). The symbols PC and S stand for ‘plain concrete mix’ and ‘SFRC mix’,
respectively. The numbers 30, 50 and 80 refer to the nominal compressive strengths of
the concrete used in this study. For the SFRC mixes, the numbers afterwards (1.5 and 3)
refer to the percentages of steel fibre by volume of concrete. For example, PC50 refers to
a plain concrete mix with a nominal compressive strength of 50 MPa, and S30-1.5 refers
to an SFRC mix containing 1.5% steel fibre by volume of concrete with a nominal
compressive strength of 30 MPa.
7. Test setup and procedure
7.1 Splitting test (ST)
In this study, the ST was performed according to AS 1012.10 (AS 2000). Three concrete
cylinders (150 mm diameter × 300 mm height) were tested from each concrete mix to
determine the splitting tensile strength. For each test, two timber strips (400 mm long ×
25 mm wide × 5 mm thick) were placed between the loading plates and the specimen
surfaces along the full length of the specimen as supplementary bearing bars. A
conventional compression testing machine at a loading rate of 1.5 MPa/min was used to
perform the ST. The splitting tensile strength was calculated using Equation 1:

𝜎𝑆𝑇 =

2000𝑃
𝜋𝐿𝐷

(1)

Where 𝜎𝑆𝑇 is the splitting tensile strength in MPa, 𝑃 is the maximum applied load in kN,
𝐿 is the length of the specimen in mm, and 𝐷 is the diameter of the specimen in mm.
7.2 Double Punch Test (DPT)
In this study, the test procedure in Chen (1970) was followed to perform the DPT. For
effective evaluation of the tensile strength of concrete specimens, the following test
procedure was adopted.
1. Concrete cylinder specimens with a diameter of 150 mm and a height of 150 mm were
tested vertically in a compression testing machine.
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2. Two cylindrical steel punches were used to transfer the axial compressive load from
the testing machine to the concrete specimen. The cylindrical steel punches were 37.5
mm in diameter and 25 mm in height.
3. The top and bottom surfaces of the specimens were grinded to have smooth surfaces in
order to ensure fully uniform contacts between the steel punches and the surfaces of the
specimens.
4. The steel punches were located at the centre of the specimen using a dimensional guide
to avoid any loading eccentricity.
5. The concrete specimen was tested at a loading rate of 1.4 MPa/min.
It is noted that Chen (1970) investigated the influence of the punch diameter on the tensile
strength of concrete. The influence of three different punch diameters of 25, 37.5 and 50
mm for 150 mm diameter specimens was investigated. It was found that the punch
diameters of 37.5 mm and 50 mm provided more consistent results than the punch
diameter of 25 mm. Hence, the punch diameter of 37.5 mm was adopted in this study.
Figure 1 shows the setup of the DPT, where a concrete cylinder specimen was shown to
be under applied compressive load. The tensile strength obtained by the DPT was
calculated using Equation 2, as suggested in Chen (1970):
𝜎𝐷𝑃𝑇 =

𝑃
𝜋(0.6𝐷𝐻 − 0.25𝑥 2 )

(2)

where 𝜎𝐷𝑃𝑇 is the double punch tensile strength in MPa, 𝑃 is the maximum applied load
in kN, 𝐷 is the diameter of the specimen in mm, 𝐻 is the height of specimen in mm, and
𝑥 is the diameter of steel punch in mm.
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Figure 1 Test setup for the DPT
7.3 Direct tensile test (DTT)
Several test setups were used in the literature for testing the direct tensile strength of
concrete. The test setup used in this study was proposed in Alhussainy et al. (2016). The
direct tensile test was performed on concrete prism specimens with a cross-section of 100
mm ×100 mm and a length of 500 mm. A wooden formwork was used as a mould for the
specimens, as shown in Figure 2.

Figure 2 Dimensions of specimens for direct tensile test
327

To apply the direct tensile force on the concrete specimen, two steel gripping claws were
used at the ends of the specimen. These claws were made of a 20 mm diameter threaded
steel bar and embedded in the specimen to 125 mm. Four steel pins with 8 mm diameter
and 30 mm length were welded to the threaded bar at an angle of 90° at 20 mm spacing
to provide adequate anchorage between the steel claw and the concrete. The gripping
claws were fixed to the wooden mould by a nut and a washer from the outside of the
formwork and a washer from the inside of the formwork. The washer inside was welded
to the threaded bar to ensure an accurate alignment of the claws, as shown in Figure 2. In
order to prompt the failure to occur in the middle of the specimen, the cross-sectional area
of the specimen was reduced by using a timber triangle in the middle from two sides. To
avoid any misalignment of the claw during the testing, two universal joints as shown in
Figure 3 were designed by Alhussainy et al. (2016). The universal joints were used to grip
the ends of the specimen by the testing machine to apply axial tensile forces to the
specimen. As illustrated in Figure 3, the specimen aligned vertically between the jaws of
the testing machine due to the free movement provided by the joints at the ends of the
specimen. All specimens were axially loaded up to failure with a displacement controlled
loading at 0.1 mm/min, and the data (tensile load and displacement) were recorded at
every 2 seconds. It is noted that the direct tensile strength was calculated as the maximum
tensile load divided by the reduced sectional area of the specimens (100 mm × 80 mm).
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Figure 3 Test setup for the direct tensile test
8. Results and Discussion
8.1 Concrete compressive strength
The compressive strength test of concrete was conducted according to AS 1012.9 (AS
1999). The 28-days compressive strengths of plain concrete (0% of steel fibre) and SFRC
with 1.5% and 3% steel fibre by volume of concrete are presented in Table 1. The average
28-days compressive strength of the nine concrete mixes varied from 30 MPa to 97 MPa.
It can also be observed that the compressive strength of concrete increased with the
increase in the percentage of steel fibre by volume of concrete. S30-1.5 and S30-3 showed
17% and 24% higher average compressive strength, respectively than PC30. The average
28-days compressive strength of S50-1.5 and S50-3 was higher than PC50 by 21% and
28%, respectively. S80-1.5 and S80-3 also showed 10% and 17% higher average 28-days
compressive strength, respectively, than PC80.
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8.2 Splitting test (ST)
Figure 4 shows typical failure modes of concrete specimens with 0, 1.5 and 3% steel fibre
by volume of concrete. As shown in Figure 4, the concrete specimens with 0% steel fibre
by volume of concrete (PC30, PC50 and PC80) experienced one failure surface located
at the centre of the concrete cylinder. The failure surface was along the line of the loading
strip. The specimens failed in a brittle manner and split into two halves, as shown in
Figure 4(a). For SFRC specimens, however, a different failure mode was observed where
the failure surface was not clearly visible and the specimens remained nearly intact after
the maximum load was reached. This ductile failure mode is attributed to the effect of
steel fibre. The applied stress was distributed along the failure surface and prevented
complete splitting failure. A compressive zone appeared under the loading strip which
distributed the load non-uniformly in the direction of the load.
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(a)

(b)

(c)

Figure 4 Typical failure mode of concrete specimens under the splitting test containing
(a) 0% steel fibre, (b) 1.5% steel fibre and (c) 3% steel fibre by volume of concrete

331

Figure 5 presents the test results of the average tensile strength of plain concrete and
SFRC with 1.5% and 3% steel fibre by volume of concrete. The average splitting tensile
strength of S30-1.5 and S30-3 was increased by 57% and 135%, respectively, compared
to PC30. The average tensile strength of S50- 1.5 and S50-3 was also higher than PC50
by 100% and 163%, respectively. The results of the ST show that the tensile strength
increases as the content of steel fibre and the compressive strength of concrete increase.
The highest splitting tensile strength (11.2 MPa) was achieved for S80-3, which contained
the highest compressive strength and the highest amount of steel fibre by volume of
concrete. The effect of the amount of steel fibre on the splitting tensile strength was more

Average splitting tensile strength (MPa)

noticeable with high-strength concrete (concrete compressive strength >50 MPa).

12

11.2

10

9.1
7.76

8

6.9
6.36

6
4.26

4.2
3.45

4
2.71

2
0

Mix label
Figure 5 Average 28-day splitting tensile strength of concrete
8.3 Double punch test (DPT)
The typical failure modes of the concrete specimens with 0, 1.5 and 3% steel fibre by
volume of concrete tested under DPT are shown in Figure 6. The typical failure mode of
plain concrete specimens (0% steel fibre) is presented in Figure 6 (a). As shown in Figure
6 (a), three radial failure surfaces were observed at an angle of nearly 120° between each
failure surface.
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(a)

(b)

(c)
Figure 6 Typical failure mode of concrete specimens tested under the DPT containing
(a) 0% steel fibre, (b) 1.5% steel fibre and (c) 3% steel fibre by volume of concrete
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This failure mode was reported as a common failure mode according to previous studies
(e.g. Carmona et al. 2013; Chen 1970; Chen and Yuan 1980; Marti 1989; Molins et al.
2009). By increasing the percentage of the steel fibre into the concrete mixture, the failure
mode was changed to an increased number of the radial cracks, as shown in Figures 6 (b)
and 6(c). Thus, by increasing the percentage of steel fibre in the concrete, more radial
cracks are expected to be observed in the failure surface.
The test results of the DPT are presented in Figure 7. It can be seen that the average tensile
strength of S30-1.5 and S30-3 was increased by 23% and 61%, respectively, compared to
PC30. The average tensile strength of S50-1.5 and S50-3 was also higher than PC50 by
45% and 86%, respectively. The highest DPT tensile strength (6.48 MPa) was achieved
by S80-3, where the compressive strength of concrete and the percentage of steel fibre by
volume were the highest. Similar to the ST, the effect of the percentage of steel fibre by
volume on the DPT tensile strength was also higher with high-strength concrete (concrete
compressive strength >50 MPa). It can be observed that the DPT was able to detect
changes in the fibre content and compressive strength of SFRC (Figure 7).

Average DPT tensile strength (MPa)
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Figure 7 Average 28-day DPT tensile strength of concrete
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8.4 Direct tensile test (DTT)
Figure 8 illustrates the typical failure mode of the DTT for concrete specimens with 0,
1.5 and 3% steel fibre by volume of concrete. As expected, all specimens failed in the
middle. For all plain concrete and SFRC specimens tested under direct tensile load, only
one failure crack surface was observed. No claw slippage was observed at the ends of the
specimens, which indicated that adequate alignment was provided to the specimens under
the direct tensile test.
As shown in Table 2, by increasing the compressive strength of the concrete and the
percentage of the steel fibre, the direct tensile strength is also increased. As can be seen
in Figure 9, the minimum tensile strength of 2.06 MPa was obtained by PC30 and the
maximum tensile strength value of 6.32 was achieved by S80-3.

Figure 8 Typical failure mode of concrete specimens tested under DTT containing (a)
0% steel fibre, (b) 1.5% steel fibre and (c) 3% steel fibre by volume of concrete
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Table 2 Tensile strength results for plain concrete and SFRC
Tensile strength at the age of 28 days
Mix

Splitting test

Double punch test

Direct tensile test

Label

(ST) (MPa)

(DPT) (MPa)

(DTT) (MPa)

Individual

Average

2.43
PC30

2.79

4.37

4.36
4.07

6.97
7.08

7.70
7.57

6.30
6.17

S80-3

8.95

5.19

2.57

4.08

4.62

3.73

5.25

5.13

5.17

10.70

6.49

6.56

11.56

11.20

6.41

1.63

1.06

1.69

1.09

1.74

1.09

1.68

0.93

1.72

0.97

1.77

1.03

2.62

4.08

4.55

3.86

5.42
5.11

9.59

11.34

1.25

3.81

5.01
9.10

1.44

2.95

4.04
3.63

3.59

8.76
S50-3

3.58

2.89

4.35

3.72
6.36

1.20

4.68
4.87

4.71

6.61
S30-3

4.99

1.36

2.54

3.97

4.91
7.76

2.88

4.19
4.43

4.42

8.01
S80-1.5

4.49

1.10

2.78

4.38
6.90

1.32

2.51
2.76

2.79

6.65
S50-1.5

2.68

2.06

2.92

2.81
4.26

1.98

3.04
3.63

3.62

4.35
S30-1.5

3.76

Average

2.44

3.51
4.20

Average

2.30
3.06

3.05

4.12
4.11

3.32

Average

2.12

2.81
3.45

3.61

PC80

2.07

Individual

DPT/DTT

2.08
2.26

2.60

3.28
3.46

Average

2.11
2.71

2.91

PC50

Individual

ST/DTT

6.49

6.57

6.22
6.18
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5.28

6.32

Average direct tensile strength (MPa)
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6
5.28
4.45
4.08

3.79

4
2.61

2.91
2.54

2.05

2

0

Mix label
Figure 9 Average 28-day direct tensile strength of concrete

The typical axial tension-axial deformation response of all mixes is shown in Figure 10.
For all specimens (plain concrete and SFRC), a linear axial tension-deformation
behaviour up to the maximum load was observed. As can be observed in Figure 10, the
axial tension dropped to zero immediately after reaching the maximum load in plain
concrete specimens (mixes PC30, PC50 and PC80). The post-peak behaviour, however,
changed by including 1.5% steel fibre by volume of concrete (mixes S30-1.5, S50-1.5
and S80-1.5). In this case, the axial tension dropped to nearly one-third of the maximum
load followed by a descending axial tension-axial deformation curve. For SFRC
specimens with 3% steel fibre by volume (mixes S30-3, S50-3 and S80-3), the vertical
drop in the post peak axial tension was reduced due to the influence of increase in the
percentage of steel fibre by volume of concrete, as can be seen in Figure 10. Thus, direct
tensile test results showed that the tensile strength of the concrete could be enhanced by
increasing the percentage of steel fibres by volume in the concrete mix.
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(a)

(b)

(c)
Figure 10 Typical direct axial tension-axial deformation behaviour (a) Compressive
strength of concrete 30 MPa, (b) Compressive strength of concrete 50 MPa and (c)
Compressive strength of concrete 80 MPa
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9. Comparison of tensile test methods
Table 2 and Figure 11 show comparisons between the tensile strength results from three
different test procedures: ST, DPT and DTT. The test methods used in this study have a
low ratio of the diameter of the specimen to the maximum aggregate size (D/Da). For ST
and DPT the D/Da was equal to 15, and for DDT the D/Da was equal to 10. Marti (1989)
conducted an experimental study to investigate the influence of D/Da ratio which ranged
from 8 to 128 for the tensile strength of concrete. It was found that a low D/Da ratio had
a minor effect on the tensile strength of the DPT. Rossi et al. (1992) found that the
influence of the size of the specimen on the tensile strength of the concrete was highly
dependent on the compressive strength of concrete. The influence is relatively minor for
high-strength concrete. Thus, the effect of the size of the specimen may not be highly
significant in this study. The results presented in Figure 11 show that the ST overestimates
the tensile strength of the plain concrete and SFRC. This overestimation is increased as
the concrete compressive strength and percentage of steel fibre in the concrete increase.
The splitting tensile strength of mix PC30 was 32% higher than the direct tensile strength,
whereas the splitting tensile strength of mix S80-3, which has the highest compressive
strength and highest percentage of steel fibre by volume of concrete, was 77% higher than
the direct tensile strength (Table 2). This is because of the ductile behaviour of the SFRC,
which forms a large compressive zone under the loading strip during the ST, as shown in
Figure 8(c).
Figure 11 also shows that the tensile strength obtained from the DPT was close to those
obtained from the DTT. The DPT tensile strength of PC30, PC50 and PC80 was higher
than direct tensile strength by 10, 20 and 25%, respectively (Table 2). For SFRC mixes,
the DPT tensile strengths were within ±10% difference from the direct tensile strength,
as shown in Table 2. It can be seen that the increase in the content of steel fibre in the
concrete mixes leads to more accurate tensile strengths of the DPT (Figure 11).
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(a)

(b)

(c)
Figure 11 Comparison between the tensile strength of different test methods (a)
Compressive strength of concrete 30 MPa, (b) Compressive strength of concrete 50
MPa and (c) Compressive strength of concrete 80 MPa
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Chen (1970) also stated that the accuracy of the DPT increases with the increase of the
number of radial cracks. This is owing to the fact that the greater the number of the radial
cracks, the more even the stress distribution in the test specimen. In the same way,
introducing steel fibre to the concrete mixes can result in more even stress distribution,
as shown in Figure 6 (c). According to the test results presented above, for the tensile
strength of SFRC, the DPT is more representative than the ST when compared with the
DTT. The DPT also has the advantages of being easier to perform and costs less than both
the ST and the DTT.

10. Conclusions
The aim of this study was to experimentally evaluate three different methods for
determining the tensile strength of plain concrete and SFRC. Based on the results of the
experimental programme presented above, the following conclusions can be drawn:
1. The ST overestimated the tensile strength of concrete. The overestimation was
increased with the increase in the concrete strength and the percentage of steel fibre in
the concrete mix.
2. Tensile strengths of plain concrete and SFRC obtained from the DPT were close to
those obtained from the DTT.
3. For concrete compressive strength ranging from 30 MPa to 97 MPa with 1.5% and 3%
steel fibre by volume of concrete, the DPT was able to capture the tensile strength of
SFRC within ± 10% difference from direct tensile strength.
4. Considering that the DPT is easier to perform and less expensive, the DPT can be used
instead of the DTT to determine the tensile strength of plain concrete and SFRC.
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